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ABSTRACT  
 Porcine reproductive and respiratory syndrome (PRRS) virus is an economically 
significant pathogen in the U.S. swine herd. It induces PRRS disease symptoms such as fever, 
lethargy, hypophagia and an overall reduction in growth performance. If severe enough in 
pathogenicity, duration and in combination with secondary pathogens, mortality risk increases. 
Interestingly, in growing pigs the extent to which hypophagia explains reduced performance and 
alters nutrient requirements during disease is poorly understood. Further, strategies beyond 
vaccination technologies to mitigate these symptoms are needed in pig populous areas like the 
Midwest. Therefore, the overall thesis objective herein was to characterize the impact of PRRS on 
vitamin and mineral requirements in nursery pigs and identify ways to mitigate disease hypophagia 
and the febrile response in PRRS.  
To address the overall objective, two research chapters were conducted using nursery pigs 
(Chapter 2 and 3). In Chapter 2, PRRS and its associated disease hypophagia impact on growth 
performance, as well as changes in vitamin and mineral status were assessed. The effects of disease 
on the febrile response and hair follicle function was also examined. A 10-day study was 
conducted, and pigs were allotted to one of three treatments: ad libitum fed, PRRS virus inoculated, 
and pair fed. The pair fed treatment was calorically restricted to mimic the PRRS daily feed intake 
treatments. We hypothesized that PRRS virus challenge would attenuate growth performance and 
vitamin and mineral differences would be observed due to hypophagia. We also hypothesized that 
hair growth would be increased in response to disease.  
The results from the Chapter 2 research indicate the changes in growth performance during 
a PRRS challenge can be partially explained by hypophagia and sickness behaviors. Reductions 
in average daily gain (ADG) and average daily feed intake (ADFI) were observed in the PRRS+ 
 xii 
and PF treatments (Chapter 2). We observed an increase in body temperature in the PRRS+ 
treatment and a decrease in body temperature in the PF treatment as hypophagia has also been 
shown to attenuate body temperatures. Although results varied, PF and PRRS+ treatments had 
increased liver vitamin and mineral concentrations of iron, copper, zinc, and vitamin A and E. 
Changes in hair follicle function were also observed. The PRRS+ treatment had 55% of their hair 
follicles in the resting phase and the PF treatment had 56% of its hair follicles in the active 
production stage suggesting a change in hair production during a viral challenge and feed 
restriction and therefore, the use of nutrients. Multiple pro-inflammatory cytokine concentrations 
were increased in both the PRRS+ and PF treatment, with the PRRS+ treatment containing the 
highest concentrations. These changes in vitamin and mineral concentrations, fever, hair growth 
and cytokine production suggest that nutrient utilization during a heath challenge may be in favor 
of the immune system.  
Inflammatory, fever, and proliferation maintenance of immune cell populations require a 
reallocation of dietary nutrients and could suggest that these nutrients are being diverted away 
from normal processes such as lean tissue growth. However, reductions in feed intake alone can 
explain some of these behaviors. To mitigate the effects of the immune response and hypophagia 
in response to PRRS virus infection, vitamin B12, sodium salicylate and isotonic electrolytes 
mitigation strategies were investigated in nursery pigs (Chapter 3). We hypothesized that these 
strategies would alleviate disease symptom severity by increasing feed intake and lowering core 
body temperature. Surprisingly, vitamin B12, sodium salicylate and isotonic electrolytes did not 
mitigate symptoms nor improve growth rates in PRRS virus infected pigs. However, these 
interventions proved to be beneficial in survivability rates as the B12 treatment had 75% 
survivability and the Isotonic treatment had 50% survivability compared to PRRS+ only showing 
 xiii 
a 25% probability of survival. These data suggest that due to the immune response and decreased 
feed intake, a reallocation of nutrients away from productive growth is required. Further mitigation 
strategies need to be discovered to reduce symptom severity and lessen the impact on growth 
performance.  
 1 
CHAPTER 1. LITERATURE REVIEW 
1.1 Introduction 
During pork production, it is inevitable pigs will be exposed to health challenges that are 
either bacterial or viral pathogen derived. Bacterial and viral diseases can present themselves in 
many forms and impact a whole herd within a short period of time (USDA, 2012). Depending on 
the pathogen severity and duration of infection, a disease phenotype may include fever, lethargy, 
hypophagia, respiratory and gastrointestinal distress. Symptoms can occur for an extended period 
of time resulting in attenuated growth performance and therefore pigs take longer to reach market 
weight (USDA, 2012). Specifically, pigs compromised by viral pathogens have significantly 
reduced both feed intake and lean tissue accretion (Escobar et al., 2004; Curry et al., 2017; Schweer 
et al., 2017) in all phases of production. This results in a lowered feed efficiency and overall growth 
performance and for the producer, this can be costly. 
In general, our understanding of how to mitigate symptoms once an animal is infected with 
a virus or bacteria to preserve or maintain growth is poorly understood. Many vaccinations and the 
therapeutic use of antibiotics to reduce occurrence of secondary infections are included in 
production protocols to mitigate disease severity. However, identifying additional mitigation 
strategies are desired as antibiotics are ineffective against viral challenges, but can help mitigate 
secondary opportunistic bacterial pathogens. Such treatment strategies could include alternative 
management practices and nutritional interventions that reduce the severity of symptoms 
associated with viral and bacterial pathogens, while improving performance in the face of disease. 
Nutritional requirements of health challenged pigs are not well characterized in the literature, 
therefore dietary intervention through supplementation may be required to optimally support the 
immune response and growth. This review will discuss published research on the impact of 
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pathogen disease, in particular Porcine Reproductive and Respiratory Syndrome virus (PRRSV), 
has on growing pigs. It will discuss PRRS disease associated symptoms, changes in growth 
performance during disease and examine nutritional requirements of health challenged pigs. 
 
1.2 Effects of Disease and Stress on Pig Performance 
In the U.S., PRRSV is prevalent (USDA, 2012; Nathues et al., 2017; Arruda et al., 2018) 
and is the endemic viral pathogen that causes PRRS disease.  This disease alone has been estimated 
to cost the U.S. swine industry $664 million annually (Holtkamp, 2013). Economic estimates of 
PRRS account for decreased reproductive health, increased death, and reduction in the efficiency 
of growth (Neumann et al., 2005). Not only is PRRS economically devastating to the pig industry, 
it is also a disease that greatly impacts health by modulating the pigs immune response and 
allowing for secondary infections (Escobar et al., 2004). The causative pathogenic agent for this 
disease is the double-stranded RNA PRRSV, which induces respiratory disease in growing pigs. 
Infected pigs are often characterized by fever, pneumonia, lethargy, failure to thrive, and a marked 
increase in mortality from single to multiple concurrent bacterial infections (Rossow, 1998).  
Although the impact of disease on pig growth performance and feed efficiency has been 
widely reported (Pastorelli et al., 2012), the physiology and metabolic mechanism that define these 
changes are poorly understood, even with PRRS. In most pig disease states, health is altered and 
there is a decrease in daily gain, feed intake and overall performance. The impact of pathogens 
and their effect on feed intake has been established in the literature (Sandberg, 2007; Kyriazakis, 
2009) and is dependent upon, but is not limited to, the type and strain of pathogen, previous 
exposure and vaccinations, age of the host and duration of exposure. Infectious diseases and 
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inflammatory states decrease feed consumption (Konsman and Dantzer, 2001) and may induce a 
nutrient deficiency, that can, in turn reduce the ability of pigs to mount an efficient immune 
response (Le Floc'h et al., 2014). Disease and stress challenges significantly reduce feed intake 
compared to healthy non-challenged control pigs (Pastorelli et al., 2012). More specific, PRRS has 
been reported to severely attenuate feed intake by over 50% during peak viremia (Schweer et al., 
2016b; Helm et al., 2019). Of the nutrients consumed, instead of supporting lean tissue accretion 
(Helm et al., 2019), nutrients may be repartitioned toward the immune or stress response, tissue 
repair and thermoregulation (Seelenbinder et al., 2018). In addition to reducing growth via 
hypophagia, activating the immune system to respond to a challenge is energetically demanding 
(Lochmiller and Deerenberg, 2000). Fueling inflammatory responses, cellular migration, 
respiratory burst, fever, and proliferation and maintenance of immune cell populations likely 
demands a reallocation of dietary nutrients and tissue reserves (Ganeshan and Chawla, 2014; 
O'Neill and Pearce, 2016). As such, it is possible mounting an immune defense competes with 
other host maintenance and production processes for resources, although the extent to which this 
occurs in pigs is unclear (Helm et al., 2020). 
In pigs, the PRRS disease has been shown to reduce performance (Table 1.1). Reductions 
in average daily gain is typically reported that stems from the disease associated loss of appetite 
and reduced feed intake, febrile response and pneumonia (with associated respiratory problems) 
(Martelli et al., 2009). It has been previously demonstrated that a reduction in feed intake accounts 
for a significant portion of the alterations in skeletal muscle accretion and metabolism during a 
PRRSV challenge (Escobar et al., 2006; Helm et al., 2019). Voluntary feed intake is commonly 
reduced 25-30% by PRRS compared to control naïve pigs (Toepfer-Berg et al., 2004; Rochell et 
al., 2015; Schweer et al., 2016b), although reductions in feed intake of up to 40% have been 
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reported (Escobar et al., 2006). A reduction in average daily feed intake (ADFI) and average daily 
gain (ADG) has been reported (Kim and Lee, 2014; Schweer et al., 2016b; Curry et al., 2017). A 
study looking at the intestinal impacts of PRRSV showed PRRS infected pigs had a 34% reduction 
in body weight compared to ad libitum fed pigs (Helm et al., 2019). Average daily gain was 
significantly reduced in PRRSV pigs (104%) compared to ad libitum pigs. ADFI was reduced in 
PRRSV pigs as well compared to ad libitum fed pigs (Helm et al., 2019). It is frequent that pigs 
experience multifactorial pathogen challenges simultaneously. This was recently studied in which 
researchers examined the effects of both PRRSV and porcine epidemic diarrhea virus (PEDV) in 
combination as well as alone (Schweer et al., 2016b). During the 21-day challenge period, PRRS 
reduced ADG and ADFI by 30 and 26% respectively compared with the control pigs, whereas 
both PED and PRRSV coinfection decreased ADG, ADFI and G:F by 45, 30, and 23%, 
respectively. The impact of PED, alone or in combination, on performance reduced ADG (0.66 vs 
0.35 vs 0.20 kg/d), ADFI (1.22 vs 0.88 vs 0.67 kg/d) and G:F (0.54 vs. 0.39 vs. 0.31) compared 
with control pigs (Schweer et al., 2016a).  
  
 
Decrease (↓), no change (↔) or not reported (NR) 
 Table 1.1 Effects of PRRSV on growing pig performance  
Challenge BW (kg)/Age at inoculation 
Challenge 
duration ADG ADFI Gain:Feed Citation 
PRRSV 16 kg  21 d ↓ 
 
↓ ↔  (Schweer et al., 2016a)  
PRRSV + PEDV 16 kg  21 d ↓ ↓ ↓ (Schweer et al., 2016b) 
PRRSV + Heat Stress 30.1 kg 14 d ↓ ↓ NR (Seelenbinder et al., 2018) 
PRRSV  13.1 kg 10 or 17 d ↓ ↓ ↓ (Helm et al., 2019)  
PRRSV + Mycoplasma 
Hyponeumoniae 23.5 kg 28 d ↓ ↓ ↓ (Roberts and Almond, 2003) 
PRRSV 7.14 kg 14 d ↓ ↓ ↓ (Rochell et al., 2015)  
PRRSV 4 weeks of age 7 or 14 d ↓ ↓ ↓ (Escobar et al., 2006) 
PRRSV 5 weeks of age  14 d ↓ ↓ ↓ (Che et al., 2011)  
PRRSV 5 kg  24 d ↓ ↓ ↓ (Greiner et al., 2001)  
PRRSV 29 kg 49 d ↓ ↓ ↓ (Xu et al., 2014) 
PRRSV 4 weeks of age  14 d ↓ ↓ ↓ (Smith et al., 2019) 
PRRSV 8 weeks of age 14 d ↓ ↓ ↓ (Miguel et al., 2010) 
PRRSV 3 weeks of age  4 or 12 d ↓ ↓ ↓ (Toepfer-Berg et al., 2004)  
PRRSV 6 weeks of age  7 or 14 d ↓ ↓ ↓ (Escobar et al., 2004) 
PRRSV 33.6 kg 105 or 119 d ↓ ↓ ↓ (Schweer et al., 2017)  
PRRSV 47.7 kg 19 d ↓ ↓ ↓ (Schweer et al., 2018) 
5 
 6 
1.3 Appetite and Disease Hypophagia 
During disease, typically pigs will decrease their voluntary feed intake (Curry et al., 2017; 
Helm et al., 2020), which can be referred to as disease hypophagia. The suppression of food intake 
is conserved across species and has been reported in humans (Hart, 1988), rats (Gibbs et al., 1997), 
cattle (Orr et al., 1990) and pigs (Lee et al., 2012) with a variety of systemic diseases. Anorexia 
might, therefore, constitute an adaptive strategy in fighting infectious diseases. Anorexia is often 
associated with activation of the immune system and infection with a pathogen (Konsman and 
Dantzer, 2001). However, it, also, compromises lean tissue accretion in pigs (Escobar et al., 2004). 
Pathogen challenges can compromise animal health and performance and are associated with 
allocation of nutrients and energy away from growth (Scrimshaw, 1977). Adverse health events 
and the accompanying hypophagia results in economically significant losses in pig growth 
performance worldwide. Disease hypophagia contributes to attenuated pig performance and 
modulations in small intestinal function and integrity (Helm et al., 2020). Additionally, heat stress 
induced hypophagia causes intestinal hyperpermeability in pigs (Pearce et al., 2013) and mice 
(Ferraris and Carey, 2000). Much is known about the relationship between feed intake and 
anorexia (Sandberg, 2007; Kyriazakis, 2009).  
In a meta-analysis by Pastorelli (2012), feed intake and growth were evaluated after a 
sanitary challenge. Several environmental and housing factors are responsible for reduced 
performance (Tillon and Madec, 1984). A wide range of pathogenic agents (Houdijk and 
Kyriazakis, 2007) such as viruses, bacteria, parasites and fungi, as well as social and climatic 
conditions (Wellock et al., 2003) and the degree of hygiene (Williams et al., 1997) can reduce feed 
intake, growth and feed efficiency. The deleterious effects on the performance of these factors, 
defined hereafter as sanitary challenges, are associated with the stimulation of the immune system. 
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This then triggers a series of responses of the animal, including a reduction in feed intake and 
increases in energy expenditure, and body temperature (Black, 2009). The most important effects 
on growth in this meta-analysis were observed for mycotoxicoses (-23% ADFI, -30% ADG) and 
respiratory diseases (-16% ADFI, -16% ADG). The smallest effects were observed for parasitic 
infections (-3% ADFI, -8% ADG) and poor housing conditions (-4% ADFI, -10% ADG). When 
pigs develop clinical signs after pathogen exposure, a more significant decrease in feed intake and 
even complete cessation of eating can occur (Houdijk and Kyriazakis, 2007), but is also influenced 
by the ability of the pig to cope with challenges (Sandberg, 2007; Kyriazakis and Doeschl-Wilson, 
2009b). It has been suggested that the growth reduction after a sanitary challenge is not only due 
to the reduction in ADFI but also due to an increase in requirements related to digestive and 
metabolic processes (Sandberg, 2007). The complicated pattern in reductions in feed intake and 
growth associated with the immune response make it difficult in understanding the needs for a 
health challenged pig.  
Pig feed intake, or the lack thereof, alters intestinal function and integrity in growing pigs. 
Reductions in intestinal integrity and function have been documented under a variety of stressors, 
including weaning stress (Boudry et al., 2002; Moeser et al., 2017), and enteric disease challenges 
such as with Porcine Epidemic Diarrhea Virus (Jung et al., 2006; Schweer et al., 2016a; Curry et 
al., 2017). However, reduced nutrient intake is often reported in accompaniment of these stressors, 
which alone can modulate intestinal integrity and function (Wiren et al., 1999; Habold et al., 2004). 
It has previously been reported that stress induced hypophagia may explain the majority of changes 
reported in intestinal integrity and function in pigs during heat stress (Pearce et al., 2013), however 
if the same holds for pigs during viral disease challenge remains unclear. 
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In the brain, the hypothalamus is a major center for the convergence and integration of 
signals that help the body regulate energy homeostasis and appetite (Scarlett et al., 2008; 
McCusker and Kelley, 2013). Within the hypothalamus, there are many nuclei and neuronal 
circuits involved in regulation of food intake and appetite. Peripheral neuropeptides can be 
differentially regulated by meal frequency and appetite (Inoue et al., 1999). Satiety signals derived 
from the intestine and associated organs include cholecystokinin (CCK), glucagon-like peptide-1 
(GLP-1) and peptide tyrosin-tyrosin (PYY). Conversely, ghrelin, or growth hormone (GH)-
releasing peptide, is the only known circulating orexigen, or appetite stimulant. Ghrelin levels rise 
prior to meals, then fall quickly after ingestion of nutrients (Cummings et al., 2001). Thus, it is 
postulated that one primary role of ghrelin is to act as a meal initiator (Austin and Marks, 2009). 
These peptides then target the hypothalamus (Scarlett et al., 2008; McCusker and Kelley, 2013). 
The arcuate nucleus (ARC) of the hypothalamus has two distinct sets of neuronal populations that 
are considered the primary target of metabolic and hormonal signals from the periphery. 
Projections from the ARC to the paraventricular nucleus (PVN) within the hypothalamus are 
thought to be particularly relevant in the signaling response of animals to changes in energy 
demands (Parker and Bloom, 2012). Neurons in the ventromedial part of the ARC express the 
orexigenic neuropeptides agouti-related protein (AgRP) and neuropeptide Y (NPY), while neurons 
in the ventrolateral part of the ARC express anorexigenic products of proopiomelanocortin 
(POMC), the precursor of α-melanocyte stimulating hormone (α-MSH) and cocaine and 
amphetamine regulated transcript (CART). Both AgRP and POMC action is mediated by 
melanocortin-3 and -4 receptors (MC3R and MC4R) (Xu and Fan, 2008).  
The stress system is sub served by a complex system involving the hypothalamus–
pituitary–adrenal (HPA) axis. Activation of the HPA axis by stress is characterized by the release 
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of corticotropin-releasing factor (CRF) from the PVN. CRF then stimulates the secretion of 
adrenocorticotropin hormone (ACTH) from the anterior pituitary. Circulating ACTH acts on the 
adrenal cortex to stimulate the release of glucocorticoids, which are the final mediators of the HPA 
axis. In turn, glucocorticoids feedback to the brain to shut off further activation of the HPA axis 
(Charmandari et al., 2005). CRF appears to play a critical role in the relationship between food 
intake and stress. It has been recognized to suppress food intake (Richard et al., 2002) and 
particularly to be involved in stress-induced food intake inhibition (Krahn et al., 1986). Food intake 
inhibition induced by acute stress may be due either to a direct anorectic effect of CRF by instance, 
through inhibition of the parasympathetic nervous system and its consequences on gastric motility 
and gastric emptying (Stengel and Tache, 2009). It can also be due to an indirect effect of CRF via 
inhibition of the expression of NPY and/or stimulation of the expression of POMC in the 
hypothalamus (Koob and Heinrichs, 1999; Millington, 2007; Calvez et al., 2011).  
As stated, the central nervous system (CNS) controls many aspects of food intake and 
energy homeostasis (Schwartz et al., 2000). Soluble factors secreted by immune cells are, 
therefore, proposed to act on the nervous system to induce anorexia during disease (Hart, 1988). 
One of the soluble factors secreted by tissue macrophages after detection of bacterial LPS is the 
proinflammatory cytokine, interleukin-1beta (IL-1ß). Intraperitoneal administration of IL-1ß 
induces a reduction in total caloric intake and a relative increase in carbohydrate ingestion when 
rats are given the choice between macronutrients, thus mimicking the effects of LPS (Aubert et 
al., 1995; Konsman and Dantzer, 2001). Production of proinflammatory cytokines such as 
interleukin-6 (IL-6) and tumor necrosis factor-alpha α (TNF-α) can cause a loss of appetite (Webel 
et al., 1997; Petry et al., 2007; Kyriazakis and Doeschl-Wilson, 2009a), but the disruption of 
appetite and feed intake during disease can be caused by a variety of imbalances. 
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Strategies such as adding sweeteners or supplementing vitamins to increase feed intake in 
nursery aged pigs have been researched (Sterk et al., 2008; Guzman-Pino et al., 2015). There is 
very little research on the effect of vitamin supplementation on feed intake and appetite in sick 
pigs. In particular, vitamin B12, which is commonly used in the field by veterinarians to provide 
energy and stimulate appetite, has not been thoroughly researched. Vitamin B12 is known to be 
involved in many key metabolic pathways including lipid, carbohydrate and protein metabolism 
(Romain et al., 2016). Vitamin B12 and folic acid play key roles in DNA synthesis and are essential 
for this process and cellular energy production (O’Leary and Samman, 2010). Active forms of 
folic acid serve as enzyme cofactors that play key roles in the synthesis of purines and 
pyrimidines, as well as amino acids, in the body. A deficiency of folic acid or vitamin B12 can be 
a result of reduced dietary intake. This deficiency impacts cells that are actively dividing, such as 
the cells of the bone marrow, which are involved in erythropoiesis. Therefore, the primary 
complication of deficiencies of these vitamins is anemia. Specifically, vitamin B12 deficiency 
results in abnormal DNA replication, which prevents cells from maturing properly, leading to 
production of large, dysfunctional red blood cell precursors megaloblasts that do not leave the 
marrow, or abnormal cells that do leave the marrow (Bardal, 2011). Additionally, a deficiency can, 
also, affect the nervous system, causing inflammation, demyelination, and neuronal cell death 
(Bardal, 2011). In terms of immune function alone, vitamin B12 can be helpful in cell health and 
prevent further complications. Improving energy can be helpful in mitigating symptoms brought 
on by disease. 
1.4 The Febrile Response 
Although pathogen dependent, elevated core body temperatures or a febrile response is 
common in animals that are infected with viral and bacterial pathogens. This physiological 
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response in mammals occurs when an antigen comes in contact with the immune system to initiate 
a fever. It has been widely reported that an elevated body temperature during various types of 
health challenges including swine flu (Pomorska-Mól et al., 2014), E. Coli (Liu et al., 2012) and 
PRRS (Greiner et al., 2001). If severe, a fever could be recognized as detrimental and a negative 
side effect of disease, but recently, has been seen as an important process and a defense mechanism 
for a sick animal (Harden et al., 2015). The physiological process of fever starts with an immune-
to-brain signaling system. Several immune-to-brain signaling pathways propagate an 
inflammatory response to the central nervous system soon after peripheral activation of the innate 
immune system (Quan, 2014; Harden et al., 2015). Immune-to-brain signaling during the systemic 
acute-phase response is necessary for fever and sickness behaviors to occur. The activation of the 
acute-phase response occurs in two parallel waves. The first wave is induced by the rapid 
recognition of conserved pathogen-associated molecular patterns (PAMPs) or damage-associated 
molecular patterns, by pattern-recognition receptors or ‘‘Toll-like’’ receptors (Beutler, 2009; 
Mogensen, 2009; Schaefer, 2014; Harden et al., 2015). These receptors are found on peripheral 
circulating immune cells (e.g. monocytes and macrophages), resident in the liver Kupffer cells and 
are found on most tissue cell types (e.g. adipocytes and myocytes). Upon ligand binding to these 
receptors, transcription of many target genes is induced, resulting in the synthesis and release of 
pyrogenic cytokines i.e. IL-1β and IL-6, TNF-α and others. These cytokines, along with PAMPs, 
DAMPs and adhering monocytes, trigger a second wave of activation by causing immune-to-brain 
signaling via receptors on the vagus nerve, at the blood brain barrier and perhaps within 
circumventricular organs (Rivest, 2003; Roth et al., 2004; Roth and Blatteis, 2014; Harden et al., 
2015). 
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Within the brain, the coupled induction of the inducible enzymes cyclooxygenase-2 (COX-
2) and microsomal prostaglandin E synthase-1 by these signal molecules results in elevated 
intracerebral levels of prostaglandin E2 (PGE2), the critical terminal mediator of many fevers and 
also some sickness behaviors (Pecchi et al., 2009; Saper et al., 2012; Wilhelms et al., 2014; Harden 
et al., 2015; Vasilache et al., 2015). Intracerebral PGE2 will finally activate neuronal circuitries, 
which adjust autonomic and behavioral responses such as peripheral vasoconstriction, metabolic 
heat production, shivering (‘‘chills’’) or warm-seeking behavior and thereby cause the febrile rise 
of body temperature (Romanovsky et al., 2005; Nakamura, 2011; Saper et al., 2012; Harden et al., 
2015). The process of metabolic heat production occurs via friction (e.g. shivering) and non-
shivering thermogenesis through controlled uncoupling of energy from the electron transport 
chain. The latter is regulated by uncoupling proteins (UCPs) found in the mitochondrial inner 
membrane that uncouples energy substrate oxidation from mitochondrial ATP production and 
hence results in the loss and dissipation of energy as heat (Argyropoulos and Harper, 2002).  
The severity of a fever is dependent on type of infection, the animal, and its environment. 
A viral fever can last anywhere from four days to two weeks (Bhartia, 2018), while a fever induced 
by a bacterial infection may need treatment before core body temperature can be reduced. The 
initial increase of fever requires a 10-12.5% increase in metabolic rate for a 1°C rise in body 
temperature (Kluger, 1979). Sickness behavior is initiated, and the animal is motivated to reduce 
feed intake, decrease social behavior, seek warmer environments and assume postures that 
minimize heat loss (Holmes and Miller, 1963; Miller, 1964; Johnson, 2002). Different fever 
patterns can occur depending on the pathogen and are not completely understood. What fuels an 
elevated body temperature and the reason for varying durations is not completely understood as 
well. Many factors can play a role in maintaining a fever. The severity of a pathogen and the status 
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of the host can, also, impact how they react to overcoming it. When an animal is introduced with 
a pathogen, pro-inflammatory cytokines cause fever by inhibiting the firing rate of warm-sensitive 
neurons in the hypothalamus (Dinarello, 1987; Kluger, 1991). As long as there is stimulation by 
the immune system to produce these cytokines, fever will be sustained. Other adaptations within 
the animal occur to prevent further growth of the pathogen such as nutrient sequestration and 
eventually the animal can return to a normal body temperature. It is understood that the activation 
of an immune response and the mechanism of fever can decrease the growth rate of both viral and 
bacterial origin (Mackowiak, 1994). Further, a control of fever can increase morbidities during 
severe sepsis (Mackowiak, 1994).  
Although fever has proven to provide improved survival and resolution of infection 
(Kurosawa et al., 1987; Ryan and Levy, 2003; Schulman et al., 2005; Earn et al., 2014), it has also 
shown that maintaining a normal body temperature can be beneficial in order to protect the host 
(Romanovsky et al., 1996; Almeida et al., 2006; Romanovsky, 2007; Liu et al., 2012). A common 
strategy for reducing fever is the pharmacological use of non-steroidal anti-inflammatory drugs 
(NSAIDs) such as aspirin or sodium salicylate. Arguments used to support therapeutic fever 
control include reducing the metabolic demands and the enhanced cardiorespiratory strain during 
fever, as well as improved comfort associated with fever treatment (Gozzoli et al., 2004). 
Salicylates in particular, comprise a heterogeneous group of agents that are related by chemical 
structure and by their anti-inflammatory effects (Bardal, 2011). Salicylate, an aspirin metabolite is 
widely used for the treatment of inflammation‐related diseases (Amann and Peskar, 2002). Their 
mechanism of action works by inhibiting the actions of COX enzyme which, therefore, inhibits 
Prostaglandin H2 (PGH2) and PGE2 (Figure 1.1).  
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Figure 1.1 Mechanism of Salicylates blocking COX enzyme (Bardal, 2011).  
The latter plays a role in activating fever, pain, vasodilation, inflammation and mucous 
production and once COX has been inhibited, these processes have been as well (Bardal, 2011). 
Other NSAIDs will reduce fever through different yet similar pathways and an example of this is 
the inhibition of Thromboxane A2 (THA2) that will then inhibit PGE2 and therefore provide anti-
inflammatory, analgesic and antipyretic properties. During disease, a fever may be the most 
examined thermal response in sickness behavior, but animals have adapted to use other 
mechanisms in which they try to overcome infection and alter their body temperature.  
 
1.5 Hair Characteristics and Reaction to Stress 
During disease, pig hair often changes in appearance to look more wiry, rough and thick 
compared to healthy control pigs (Wills et al., 2000; Peng et al., 2013). These changes in hair 
phenotype are important for thermogenesis and amino acid and energy requirements. However, 
little is known about hair growth and its contribution to amino acid metabolism in health 
challenged pigs.  The hair shaft is comprised of the visible part outside of the skin, while the follicle 
lies underneath the surface of the skin. The hair follicle repeatedly transits from a phase of active 
 15 
fiber production (anagen) to a resting phase (telogen), through rapid phases of tissue regression 
(catagen) and regeneration (neogen) (Bernard, 2016) (Figures 1.2 and 1.3).  
 
Figure 1.2 Hair follicle growth cycle and structure (Choi et al., 2013) 
 
 
 
Figure 1.3. Progression of hair follicles from A) anagen, B) catagen and C) telogen phase (Watson 
and Moore, 1990) 
 
 
 
 
 
 
 
 
 
A B C 
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Pig hair is comprised of amino acids (Table 1.2), in particular cysteine, glycine, serine, 
leucine and aspartate (Mahan and Shields, 1998). The concentration of these amino acids change 
as the animal grows, which will further impact amino acid requirements (Mahan and Shields, 
1998). Therefore, hair growth and amino acid 
partitioning towards hair may acutely compete 
with amino acid needs for lean growth. Hair roots 
can be pushed into the telogen resting phase 
rapidly and this usually occurs after stress and can 
be acute or chronic (Hoover et al., 2019). Hair has 
many areas of clinical significance which include 
diseases of hair loss, excess, alterations due to 
nutritional deficiencies, infectious causes, and 
effects of drug reactions (Hoover et al., 2019). A 
number of signaling pathways (Lee and Tumbar, 
2012), cytokines (Mahe et al., 1996; Kwack et al., 
2012), neuropeptides (Samuelov et al., 2012), 
hormones (Billoni et al., 2000; Inui and Itami, 
2011; Hu et al., 2012; Meier et al., 2012), prostaglandins (Khidhir et al., 2013), and growth factors 
(Imamura, 2014) are known to modulate the duration of the active steady state of the hair follicle. 
The hair follicle is, also, endowed with a full prostaglandin metabolism and a complex network of 
prostaglandin receptors (Colombe et al., 2007; Colombe et al., 2008). Recent data suggest that a 
delicate equilibrium between PGE2/PGF2α on the one hand and PGD2 on the other hand controls 
Table 1.2. Amino acid composition of  
hair in pigs (Mahan and Shields, 1998)  
Essential Amino Acids  g/100g protein 
  Arg 6.5 
  His  2.0 
  Ile 3.7 
  Leu 8.0 
  Lys 4.0 
  Met 0.5 
  Met + Cys  13.5 
  Phe 2.7 
  Phe + Tyr 6.1 
  Thr 5.7 
  Trp 0.3 
  Val 5.9 
Nonessential Amino Acids g/100g protein 
  Ala 4.7 
  Asp 7.2 
  Cys 13.0 
  Glu 15.5 
  Gly 4.4 
  Hpr 0.1 
  Pro 6.6 
  Ser 7.9 
  Tyr  3.4 
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the duration of the active steady state. Prostaglandin E2 and PGF2α promote hair growth 
maintenance, while PGD2 inhibits it and triggers anagen to catagen transition (Garza et al., 2012).  
Additionally, in the wake of stressful events, cytokines which regulate innate and adaptive 
immune responses are released. These include TNFα or interferon gamma (IFNγ) (Dhabhar, 2013). 
Under conditions of stress, they participate in cellular adaptive immune responses traditionally 
addressed as T-helper cell Type 1 (Th1). As a consequence, in response to prolonged stress-
exposure in otherwise healthy animals, epithelial and mesenchymal cells in the skin are driven into 
apoptosis (Peters et al., 2005; Theoharides et al., 2012) or senescence (Huang et al., 2017) and 
premature termination of hair growth into the telogen phase occurs (Arck et al., 2006; Wang et al., 
2015). The elevation in cytokines due to the immune response can target the hair follicle and during 
this upregulation of cytokines, follicle stage can be progressed. This could, also, impact the needs 
of amino acids toward hair and away from lean tissue function and antagonize growth.  
 
1.6 Metabolic Changes in Mineral and Vitamin Status During Disease 
Optimal nutrition, with adequate trace mineral levels, guarantees proper functions of the 
organism, among which the most important are structural, physiological, catalytic, and regulatory 
(López-Alonso, 2012). Disease hypophagia results in lower intake of essential nutrients during 
times of disease. Surprisingly, the impact of pathogens such as PRRSV on mineral and vitamin 
metabolism and requirements have not been well studied. It is well known that trace minerals (Co, 
Cu, Fe, I, Mn, Mo, Se, and Zn), among others, are required for the normal functioning of basically 
all biochemical processes in the body (NRC, 2012). Dietary mineral and vitamin requirements of 
growing pigs weighing 5-25 kg are shown in Table 1.3. These minerals and vitamins are critical 
for enzyme structure and function and coordinate many biological processes that are essential to  
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Table 1.3 Dietary Mineral and Vitamin Requirements of Growing Pigs Allowed Ad Lib Feed (NRC, 
2012) 
maintaining animal health and productivity. In the face of disease, it is poorly understood 
how mineral status within the body or specific organs may change. Further, vitamin and mineral 
status within an animal are hard to assess. The most common ways to obtain this information is by 
analyzing serum and liver concentrations. It has been documented (Table 1.4) that during disease, 
vitamins and minerals are either sequestered in the liver or circulation is increased as part of the 
immune response (Baker, 2019; Oropeza-Moe et al., 2019). Disease state deficiencies may develop 
but they have not been routinely studied, rather restrictive deficiencies have been more thoroughly 
studied.  
Body Weight  5-7 kg 7-11 kg 11-25 kg 
Estimated feed intake + wastage (g/day) 280 493 953 
Body weight gain (g/day) 210 335 585 
Body protein deposition (g/day) -- -- -- 
Calcium (g/d) 2.26 3.75 6.34 
Phosphorus (g/d)  1.86 3.04 5.43 
Sodium (g/d) 1.06 1.64 2.53 
Chlorine (g/d) 1.33 2.11 2.90 
Magnesium (g/d) 0.11 0.19 0.36 
Potassium (g/d) 0.80 1.31 2.35 
Copper (mg/d) 1.60 2.81 4.53 
Iodine (mg/d) 0.04 0.07 0.13 
Iron (mg/d) 26.6 46.8 90.5 
Manganese (mg/d) 1.06 1.87 2.72 
Selenium (mg/d) 0.08 0.14 0.23 
Zinc (mg/d) 26.6 46.8 72.4 
Vitamin A (IU/d) 585 1030 1584 
Vitamin D (IU/d) 59 103 181 
Vitamin E (IU/d) 4.3 7.5 10.0 
Vitamin K (menadione, mg/d) 0.13 0.23 0.45 
Biotin (mg/d) 0.02 0.02 0.05 
Choline (g/d) 0.16 0.23 0.36 
Folacin (mg/d) 0.08 0.14 0.27 
Niacin, available (mg/d) 7.98 14.05 27.16 
Pantothenic acid (mg/d) 3.19 4.68 8.15 
Riboflavin (mg/d) 1.06 1.64 2.72 
Thiamine (mg/d) 0.40 0.47 0.91 
Vitamin B6 (mg/d) 1.86 3.28 2.72 
Vitamin B12 (μg/d) 5.32 8.20 13.58 
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1.7 Minerals 
During disease, serum copper concentrations increase, while serum iron and zinc 
concentrations decrease during immunological stress (Weinberg, 1978). However, it is important 
to note that although concentrations may shift, they may still remain within normal range during 
acute disease. Iron is required by bacteria for growth; and unless iron in the body is bound by a 
protein e.g., transferrin or lactoferrin, susceptibility to infection is increased (Weinberg, 1978). In 
order to avoid the risk of infection, iron is quickly removed from circulation and made nutritionally 
unavailable to bacteria and parasites. To prevent further immunological stress, dietary iron 
concentrations should not be increased during immunological stress (Shurson, 2016). Due to iron 
being sequestered during a health challenge, there is likelihood the pig can become anemic, but 
there is little information in this area. The importance of selenium has been shown in pigs with 
Mulberry heart disease. These pigs had lower absorption of selenium in the proximal segments of 
the intestine (Oropeza-Moe et al., 2019). No other vitamin or mineral concentrations were tested.  
The mineral zinc serves as an essential cofactor for over 70 enzymes (Berdanier, 1998). 
Additionally, a number of nutrients and hormones affect the expression of specific genes when 
interacting with zinc. Because of the key role zinc plays in cell turnover, a deficiency weakens 
immunity by impairing antibody synthesis and thus increasing susceptibility to infections 
(Shurson, 2016). Various studies have demonstrated the effects of zinc and what occurs during 
stress. Lopez-Alonso found that higher levels of copper are required in the presence of high levels 
of zinc and that animals under stress require higher levels above requirement of copper and zinc 
(López-Alonso, 2012). It has also been reported that zinc plays an important role at maintaining 
gastrointestinal tract barrier function (Alam et al., 1994) and dietary zinc decreases intestinal 
permeability in a variety of animal models (Rodriguez et al., 1996; Sturniolo et al., 2001; Lambert 
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et al., 2003). Zinc is essential for normal barrier function as it improves intestinal integrity during 
different disease states including malnutrition (Rodriguez et al., 1996). Furthermore, it has been 
demonstrated that supplemental complexed zinc improves intestinal barrier function and villi 
architecture in chronic and acute heat-stressed pigs (Pearce et al., 2013; Sanz Fernández, 2014; 
Abuajamieh, 2015). Supplementing zinc may be beneficial in different diseases or states of stress 
because of its effect on intestinal function which may be compromised during infection (Helm et 
al., 2018). In support of this, in relation to micro-mineral concentrations, an experimental 
challenge promoted a decrease in plasmatic zinc resulting in a marginal deficiency (Barba-Vidal 
et al., 2017). In humans, it has been reported how pro-inflammatory cytokines during infectious 
diseases regulate changes in zinc hepatic reservoirs in liver cells leading to hypozincemia (Liuzzi 
et al., 2005). 
 
1.8 Vitamins 
Essential vitamins in pig nutrition include vitamin A, D, E and K. Animals that are fed 
diets deficient in vitamin A have been shown to reduce appetite, resulting in reduced intake of 
essential nutrients and poor growth (Berdanier, 1998). Additionally, vitamin A supports the 
functional integrity of epithelial tissues, and a deficiency may cause a reduction in mucous 
secretion in the respiratory tract leading to penetration of bacteria. Vitamin A deficiency likely 
increases susceptibility of animals to infection not only through compromised membrane 
composition, but also through reducing the synthesis of antibodies and antibody-forming cells in 
the spleen (Berdanier, 1998). B-complex vitamins, in particular pantothenic acid, pyridoxine, and 
riboflavin, improve resistance to infection and disease. Deficiency of one or more of these vitamins 
has been shown to lead to a dramatic reduction in antibody synthesis. There is almost no reserve 
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for the water-soluble B vitamins, so daily intake of these micronutrients is essential (Shurson, 
2016). Both vitamin E and selenium concentrations were examined in a study with recently weaned 
pigs (Sivertsen et al., 2007). Vitamin E and selenium have been shown to influence immunological 
functions and disease resistance in pigs (Teige et al., 1982; Wuryastuti et al., 1993). Plasma 
concentrations of both vitamin E and selenium were tested at days 4, 8 and 18. It was found that 
17% of the weaned pigs were considered deficient in vitamin E and 54% of pigs were considered 
deficient in selenium. 
In order to protect a weaned pig from disease post weaning, or associated diseases from 
deficiencies such as liver necrosis (Van Vleet, 1982), their diet could be supplemented with these 
nutrients to better support their immune system during a challenge. In pigs, infectious diseases and 
inflammatory states induce metabolic alterations and changes in nutrient partitioning between 
tissues associated with growth (e.g. muscle) and those involved in body defense (liver, lymphoid 
organs, etc.) (Le Floc'h et al., 2014). A recent study in weaned pigs that were PRRS virus 
challenged specifically examined the vitamin and mineral concentrations in multiple samples 
(Baker et al., 2019). This author reported that challenged pigs had higher concentrations of vitamin 
A in their livers and less in their serum compared to non-challenged control pigs. However, it was 
not reported if these concentrations were considered deficient in this age of pig. The reduction in 
vitamin A was explained by Baker (2019) as a function of retinol-binding protein that is a negative 
acute-phase protein (Rosales et al., 1996), resulting in an inability of the PRRSV-infected pigs to 
mobilize vitamin A from their livers. Vitamin A is imperative for proper growth and this may 
explain a difference in ADG between groups. The challenged pigs were also found to have greater 
calcium concentrations in their serum and decreased calcium concentrations in their rib bone 
compared to the control, suggesting the challenge pigs may have been mobilizing calcium from 
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their bone reserves for T-cell maturation and proliferation. The challenge pigs, also, had more 
vitamin E in their serum and less in their liver compared to the control, suggesting vitamin E was 
mobilized from the liver for its immune-supporting effects. This suggests that metabolism of 
vitamins and minerals in PRRSV-infected pigs is altered, however, this study was not conducted 
in a controlled manner that could describe the reason for these changes in concentrations. Further 
research is required to determine what interventions on diseased pigs is warranted.  
Providing dietary supplementation above NRC requirement with various minerals and 
vitamins (Table 1.3) could be beneficial in a way that supports the immune system and prevents 
further illness (Kegley and Spears, 1995; Namkung et al., 2006). However, research is needed in 
this area to state whether it is beneficial in multiple diseases and whether it is helpful depending 
on such disease. It could, also, prove to be negative in some cases as added minerals and vitamins 
may benefit the disease rather than the animal as the immune system sequesters nutrients to help 
rid the body of the pathogen. First understanding, for multiple diseases, how the animal either uses 
multiple minerals and nutrients would be helpful in preparing livestock to overcome illness.  
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Table 1.4. Effects on mineral and vitamin metabolism during health challenge  
Citation Species  Challenge BW (kg) or Age 
Impact on 
Minerals  Impact on Vitamins  
(Baker et al., 2019)  Swine PRRSV 3 weeks of age  
 
Calcium ↑ in serum, 
↓ in bone 
Vitamin A ↑in liver, ↓ in 
serum 
     
Vitamin E ↓ in liver, ↑ 
in serum  
(Moe et al., 2009) Mice  Kidney Disease 20 weeks of age  
 
Phosphorus ↑in 
blood, calcium ↑in 
blood  NR 
(Oropeza-Moe et al., 
2019) Swine Mulberry Heart Disease  17 kg  
 
Selenium ↓ in  
proximal intestine  NR 
Increase (↑), decrease (↓) or not reported (NR) 
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1.9 General Conclusions 
 In the Midwest, mild to severe pathogenic stress in pigs is inevitable due to pig density and 
production practices. As such, producers, veterinarians, nutritionists and allied industry are seeking 
better strategies to improve pig performance and survivability during disease challenges.   
Numerous studies have reported the effect of disease and their symptoms on pig performance. 
During disease, pigs often exhibit symptoms such as lethargy, decreased appetite and feed intake, 
elevated body temperature, respiratory distress and overall failure to thrive. If these symptoms 
persist in duration and severity, pig growth and lean tissue accretion is antagonized. However, 
little is known in how to mitigate the symptoms and intervene to better suit the animal in 
overcoming disease.  
Nutritional requirements of a health challenged animal are not well described in the 
literature. Therefore, a better understanding of the pig’s nutritional needs and how they are altered 
during disease will enable a more complete diet to be established. Further, how to improve the 
management of disease hypophagia and the febrile response is important for minimization of 
disease severity. Altogether, this will allow for improved disease resolution, recovery and growth. 
Based on this review, this thesis will focus on ways to optimize growth performance in PRRS virus 
challenged pigs. The following thesis objectives will be addressed: 
 
1) Characterizing the impact of PRRS on nursery pig mineral and vitamin metabolism. 
 
2) Identifying practical ways to modulate disease hypophagia and the febrile response in 
PRRS virus challenged pigs.  
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Abstract 
  Reductions in voluntary feed intake during disease, or disease hypophagia, is a common 
phenotype observed across most species. However, the extent to which disease hypophagia 
explains attenuated pig performance and mineral intakes to meet requirements during disease is 
poorly defined.  Therefore, the objective of this study was to examine the extent to which Porcine 
Reproductive and Respiratory Syndrome (PRRS) virus challenge and its associated disease 
hypophagia impacts growth performance, and liver mineral and vitamin status in nursery pigs. 
Further, this study was used to examine the effects of disease on the febrile response and hair 
follicle function. Twenty-four PRRS naïve barrows (12.8 ± 0.73 kg BW; Landrace x Large White, 
PIC) were selected, blocked by body weight, and allotted across three treatments (n=8/trt): 1) 
PRRS-naïve, ad libitum fed (Ad), 2) PRRS-inoculated, ad libitum fed (PRRS+), and 3) PRRS-
naïve, pair-fed daily to the PRRS+ pigs (PF) to mimic disease feed intake. All pigs were 
individually penned, allowed a 4-day acclimation, then PRRS+ pigs were inoculated with PRRS 
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virus on days post inoculation (dpi) 0. Over 10 dpi, daily feed intake and body temperatures (BT), 
and ADG, ADFI, and G:F were assessed. At the end of study, liver and skin samples were collected 
to analyze for mineral and vitamin concentrations and hair follicle status. Over the 10-day 
challenge period, PRRS+ and PF pigs’ ADFI was reduced by 59% and 54%, respectively 
compared with Ad pigs (P < 0.001). The Ad pigs had greater ADG compared with PF and PRRS+ 
pigs (0.67, 0.09, -0.06 g/d, respectively, P < 0.001). Overall G:F was reduced by 127% and 70% 
in the PRRS+ and PF pigs, respectively, compared with Ad pigs (P < 0.001). The viral challenged 
induced a mild febrile response in which the PF pigs BT’s reduced over time compared with Ad 
and PRRS+ pigs over the 10 d PRRS challenge (38.7, 39.5, 39.8 °C, respectively, P < 0.001). Liver 
concentrations of copper (P < 0.001), iron (P < 0.001), manganese (P = 0.002), selenium (P = 
0.001) and zinc (P < 0.001) were all significantly higher in the PRRS+ and PF pigs compared to 
the Ad pigs. Liver copper concentrations were observed to be highest in the PF treatment compared 
to the PRRS+ and Ad treatments. Iron levels were also significantly higher in the PF treatment by 
63% and 40% compared to the Ad and PRRS+ treatments, respectively. Zinc concentrations were 
126% higher in the PF treatment and 166% higher in PRRS+ treatment. As a percent of body 
weight, increased hair was reported in the PF and PRRS+ pigs in comparison to the Ad pigs (P = 
0.015). A greater percentage of hair follicle in the telogen phase were reported in the PPRS+ 
treatment, compared to PF and Ad pigs (P = 0.007). However, the PF pigs had greater percentage 
of hair follicles in anagen phase (P = 0.008). No differences were reported between treatments 
with the catagen stage. In summary, both the health challenge and reduced feed intake explain the 
differences observed in growth and symptom response.  
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2.1 Introduction 
Pig performance can be attenuated by pathogens such as Porcine Reproductive and 
Respiratory Syndrome (PRRS) virus. This virus is the pathogenic agent for the PRRS disease that 
has a significant economic impact of the pig industry in most parts of the world (Holtkamp et al., 
2013; Nathues et al., 2017). In nursery pigs, PRRSV leads to a complex immune response that 
results in fever, lethargy, respiratory stress, reduced feed intake, and ultimately decreased growth 
performance (Rossow, 1998; Greiner et al., 2000). In addition, symptoms commonly include a 
rough and wiry hair coat (Wills et al., 2000; Peng et al., 2013). Another major phenotype of health 
challenged pigs is reduced voluntary nutrient intake (Pastorelli et al., 2012), also known as disease 
anorexia or hypophagia. Hypophagia is commonly observed in PRRS pigs (Helm et al., 2020) and 
is an aspect of sickness behavior conserved across nearly all animal species (Plata-Salaman, 1996; 
Johnson, 2002; Helm et al., 2020). It has been previously demonstrated that a reduction in feed 
intake accounts for a significant portion of the alterations in skeletal muscle accretion and 
metabolism during a PRRSV challenge (Helm et al., 2019). In addition to reducing growth via 
reductions in feed intake, activating the immune system to respond to a viral challenge is 
energetically demanding (Lochmiller and Deerenberg, 2000; Helm et al., 2020).  
With disease hypophagia, essential mineral and vitamin intake is reduced; however, it is 
unclear if this results in mineral and vitamin deficiency during disease. Minerals and vitamins may 
be sequestered and diverted away from productive lean tissue growth related functions towards 
meeting the immune system’s needs (Shurson, 2016). Pigs with high antigen exposure from 
pathogens have a greater need for one or more of the antioxidant vitamins (A, E, C) to help 
ameliorate the effects of higher toxic free radicals, oxidative stress, and proinflammatory cytokine 
production (Stahly, 1998). It is well known that minerals (Cu, Fe, I, Mn, Mo, Se, and Zn) are 
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required for the normal function of biochemical processes in the body (NRC, 2012). It has been 
reported in pigs under immunological stress that, serum concentrations of iron and zinc decrease 
(Weinberg, 1978). However, it was not reported if these concentrations were considered deficient. 
The sequestration of iron from circulation reduces the available iron for bacteria and parasites to 
proliferate (Weinberg, 1978). With importance of mineral and vitamins in enzyme function and 
biological processes, it is unclear if disease hypophagia results in deficiencies. 
Therefore, the objective of this study was to examine PRRS and its associated disease 
hypophagia on growth performance, and how this challenge alters mineral and vitamin status. 
Further, this study was used to examine the effects of disease on the febrile response and hair 
follicle function. To accompany this objective, we used a pair fed model to understand the effects 
of low feed intake on mineral status versus a health challenged pig. We hypothesized that the 
PRRS virus would attenuate growth performance and we would see an alteration of minerals in 
the liver. It was also hypothesized that hair growth would be shifted in response to disease allowing 
the change in follicle stage. To investigate these objectives, a study was completed consisting of a 
10-d PRRS challenge. 
 
2.2 Materials and Methods 
All animal procedures in this study were approved by the Iowa State University 
Institutional Animal Care and Use Committee (IACUC# 18-193) and adhered to the ethical and 
humane use of animals for research.  
 
Animals, Housing, and Experimental Design. Twenty-four PRRS naïve barrows (12.8 ± 0.73 kg 
BW; Landrace x Large White, PIC) confirmed seronegative by ELISA and PCR for PRRS virus 
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were randomly selected for this study. Pigs were split across multiple identical rooms at the Iowa 
State Livestock Infectious Disease Isolation Facility (Biosafety Level 2). Based on initial BW, 
pigs were blocked and allocated across three treatment groups (n=8 pigs/treatment): 1) PRRS-
naïve, ad libitum fed (Ad), 2) PRRS-inoculated, ad libitum fed (PRRS+), and 3) PRRS-naïve, 
pair-fed (PF) daily to match the feed intake of the PRRS+ pigs. Each block consisted of 3 pigs (8 
blocks total) with one pig from every treatment. In each block, start body weights were all within 
150 g of each other. Pair feeding occurred from days post inoculation (dpi) 0 to 10 by recording 
daily feed disappearance of each PRRS+ pig and feeding that intake to the PF pig in their 
corresponding block. Pigs were individually housed and had free access to water at all times. A 
typical corn-soybean meal nursery diet was fed to all pigs during the study. The diet was 
formulated (Table 2.1) to meet or exceed requirements for this age of pig (NRC, 2012).  
 To access daily core body temperature, all pigs were microchipped with a bio-sensor chip 
in the neck on dpi -4 (LifeChip® with Bio-Thermo Technology, Destron Fearing, Eagan, Mn). 
Pigs were then scanned daily with a Global Pocket Reader™ Plus universal reader (Destron 
Fearing, Eagan, Mn) to determine core body temperature (°C). Pigs were allowed to acclimate for 
4 days and on dpi 0, all PRRS+ pigs were inoculated with 1 mL intranasal and 1 mL intramuscular 
of a live field strain of PRRS (Open reading frame 5 sequence 1-3-4). Body weights were collected 
on dpi 0 and 10, and feed intake was measured daily for all three treatments by weighing feeders 
and recording 24-hour feed disappearance. Therefore, average daily gain (ADG), average daily 
feed intake (ADFI), and feed efficiency (G:F) was calculated at the end of the study. 
On dpi 10, all pigs were euthanized via barbiturate overdose and the liver and skin samples 
were collected. Carcass, liver, and head weights were collected, and dressing percentage was 
calculated. After euthanasia, pigs were allowed to dry and then shaved, and hair was taken for 
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analysis. Pigs were shaved using the Andis® ProClip™ AGC Super 2-Speed Clipper (Andis 
Company, Sturtevant, WI). Hair from the entire carcass of each pig was collected within two days 
of euthanasia. It was then weighed on a wet basis to be measured as a percent of carcass weight. 
 
Blood Collection and Analysis. Blood samples (8 mL) were collected at 0 and 10 dpi from each 
pig antemortem and collected via jugular venipuncture into vacutainer serum collection tubes (BD, 
Franklin Lakes, NJ). After clotting, serum was centrifuged (2,000 x g, 15 min at 4 °C), aliquoted 
and stored at -80 ⁰C. One aliquot of serum was submitted to the Iowa State Veterinary Diagnostic 
Laboratory (ISU-VDL), Ames, IA, to determine the presence or absence of PRRSV by real-time 
RT-PCR and determine anti-PRRSV antibody levels via a commercially available ELISA test 
(Schweer et al., 2018). A PCR Ct value ≥37 indicated a negative PRRS viremia, while a S/P ratio 
<0.40 indicated negative anti-PRRSV antibody levels. Plasma concentration of IFN-α, IFN-γ, IL-
2, IL-1β, IL-6, IL-8, TNF-α, IL-10, and IL-4 by multiplex ELISA (Aushon Biosystems, Billerica, 
MA, USA) were analyzed to confirm inflammatory response. Samples were analyzed in duplicate 
and averaged concentrations were used for statistical analysis. 
 
Liver Mineral Analysis. At necropsy, freshly isolated liver tissue samples (~10 g) were collected 
into specimen jars and immediately submitted for routine trace mineral analysis at the ISU-VDL, 
as previously described (Burrough et al., 2019). The fresh liver samples were analyzed for Ca, Cd, 
Co, Cr, Cu, Fe, Mg, Mn, Mo, Na, P, K, Se, and Zn using inductively coupled plasma–mass 
spectrometry (ICP-MS; Analytik Jena, Woburn, MA) in CRI mode with hydrogen as the skimmer 
gas. Standards for elemental analyses were obtained from Inorganic Ventures (Christiansburg, 
VA); digestion vessels, trace mineral grade nitric acid, and hydrochloric acid were obtained from 
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Fisher Scientific (Pittsburgh, PA). Briefly, 1.0 g of fresh liver were weighed into 50-mL digestion 
tubes to which 10 mL of 70% nitric acid was added, and samples were placed in a microwave 
digester. After digestion, all samples were filtered twice (Whatman #40 filter paper; GE Healthcare 
Life Sciences, Buckinghamshire, UK) and diluted to 25 mL using 18 MΩ water. A final 1:10 
dilution using 1% nitric acid was prepared and analyzed by ICP-MS. For serum, 0.25 mL of sample 
was diluted 1:20 using 1% nitric acid and analyzed by ICP-MS. For quality control, Bi, Sc, In, Li, 
Y, and Tb were used as internal standards for the ICP-MS. Instrument precision is assessed by the 
laboratory using reference samples, internal controls, and ongoing statistical process control 
charting. Trace mineral results are reported as ppm on a wet weight basis after digestion.  
  
Histology. Skin samples were collected from the ham and the back above the longissimus dorsi 
(LD). Samples were fixed in 10% neutral buffered formalin for approximately 24 h, and then 
switched to 70% ethanol for storage until they were submitted to the Iowa State Veterinary 
Diagnostic Laboratory to be paraffin-embedded, sectioned, mounted on slides, and stained with 
hematoxylin and eosin for histological evaluation. Care was taken when sectioning to ensure that 
follicles were cut parallel to the direction of hair growth so that follicle anatomy would be apparent. 
In order to achieve a sufficient number of countable follicles, 6 sections were cut per pig. 
Images of the entire sections were taken at 4X magnification using a DP80 Olympus 
Camera mounted on an OLYMPUS BX 53/43 microscope (Olympus Scientific, Waltham, MA) 
and all images were analyzed using OLYMPUS CellSens Dimension 1.16 software (Olympus 
Scientific, Waltham, MA). For evaluation, any follicle which was oriented so that follicle stage 
could be determined (presence of sebaceous glands, well-oriented hair bulb) was enumerated and 
categorized by follicle stage (anagen, catagen, or telogen). The number of follicles in each stage 
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were standardized to the total number of follicles counted for that pig and presented as a percentage 
of follicles in each respective stage. Representative images of each stage of follicle development 
are presented in Figure 2.3. 
 
Statistical Analysis. The SAS program was used for the statistical analysis of all data (SAS Institute 
Inc., Cary, NC). The following mixed model was fitted to all parameters:  
Yijk = μ+ PRRSi + [iBW]j + eijk 
wherein Yijk = the phenotype measured on animal k; PRRSi = effect of treatment (fixed effect; Ad, 
PF, PRRS); iBWj = blocking factor of initial body weight (random effect); and eijk = error term of 
animal k subjected to treatment i in block j, eijk ~ N(0, σe
2). Least square means of treatment were 
determined using the LS means statement and differences in LS means were produced using the 
pdiff option. Contrast statements were used to determine the overall treatment effect, the effect of 
reduced nutrient supply (Ad vs others), and the effect of PRRS additional to reduced nutrient 
supply (PF vs PRRS). All data are reported as LS means with a pooled SEM and differences were 
considered significant when P < 0.05 and a tendency when 0.05 ≤ P ≤ 0.10. 
 
2.3 Results 
Viremia, Serology, and Febrile Response. All pigs were determined to be negative for PRRS virus 
and antibody prior to inoculation via serum PCR and ELISA, respectively. At dpi 10, by design, 
the Ad and PF pigs were negative for PRRS virus as indicated by serum Ct values ≥ 37 and PRRS 
antibody S/P ratios < 0.40. The overall treatment effect was significant (P < 0.001) for PRRS virus 
levels in which the PRRS+ treatment was the only group to exhibit positive Ct values (Ct 19.6) 
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and a PRRS antibody S/P ratio (S/P 1.515). No differences were seen between the PF and Ad 
treatments (P > 0.05). 
 To assess the febrile response, core body temperatures were measured each morning on all 
pigs. Overall, there was a significant difference in body temperature (P < 0.001) in which the 
PRRS+ pigs had a 1.1 oC and Ad pigs had a 0.8 oC higher average body temperature over the 10-
d test period compared to PF pigs (Fig. 2.1). The Ad pigs were not significantly different from the 
PF and PRRS+ pigs (P = 0.26).  
 
Cytokine Response. Cytokine concentrations were evaluated in blood samples collected at dpi 10 
(Table 2.2). Concentrations of IFNα were significantly different between the Ad, PF, and PRRS+ 
treatments where the highest concentration was found in the PRRS+ treatment (P = 0.007). 
Differences in IFNγ were also significantly different between treatments (P = 0.006), with the 
highest concentrations belonging to the PRRS+ treatment, followed by the PF and the Ad 
treatments.  Blood IL-10 was, also, significantly different among treatments in which the PRRS+ 
pigs had 70% and 97% higher concentrations compared to the PF and Ad pigs, respectively (P = 
0.026). The PF treatment had a 115% higher concentration in IL-2, compared to the PRRS+ 
treatment and four times the concentration compared to the Ad pigs (P = 0.015). Furthermore, 
TNFα concentrations were significantly different among the Ad, PF and PRRS+ treatments (P = 
0.016). The PRRS+ treatment concentrations were 166% higher compared to the PF treatment and 
14 times higher compared to the Ad treatment. Concentrations of IL-1β, IL-6 and IL-8 were not 
different between treatments (P > 0.10).  
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Growth Performance. Start body weights did not differ between treatment groups (P = 0.418; 
Table 2.3); however, end body weight was 35% lower (~7 kg lighter) in PRRS+ and PF pigs 
compared to Ad pigs (P < 0.001) at dpi 10. Compared to Ad pigs, this was the result of the overall 
ADG being significantly reduced in both PRRS+ (108%; P < 0.001; Fig 2.2) and PF pigs (86%; P 
< 0.001). Additionally, ADG was further reduced in PRRS+ pigs compared with PF pigs (166%, 
P = 0.022). Over the 10-day challenge period, ADFI was reduced in the PRRS+ and PF pigs 
compared with Ad pigs (P < 0.001). Consistent with experimental design and validating the pair-
feeding model, ADFI did not differ between PF and PRRS+ pigs (P = 0.362). Feed efficiency 
(G:F) was reduced by 127% in the PRRS+ pigs and 70% in the PF pigs compared with Ad pigs (P 
< 0.001). Furthermore, PRRS+ treatment had a lower G:F over the 10 day challenge period 
compared with PF pigs (P = 0.009).  
Carcass weight was significantly different between treatments (P = 0.012; Table 2.3). 
Dressing percentage was also significantly different between treatments (P < 0.001) with the PF 
treatment having the highest dressing percentage. Head weight was significantly different when 
comparing Ad to PF and PRRS+ (P < 0.001) although there was no difference when comparing 
PF and PRRS+ pigs (P = 0.088). Results were similar for liver weight among treatments. When 
comparing the Ad treatment to the PF and PRRS+ treatments, the difference was significant (P < 
0.001) and when comparing PF and PRRS+ pigs, no difference was observed (P = 0.103). The PF 
pigs had the smallest liver weight (0.444 kg) compared to the PRRS+ (0.506 kg) and Ad (0.738 
kg) pigs (P < 0.001; Table 2.3).  
 
Liver Mineral Status. At the end of the study (dpi 10), liver mineral and vitamin concentrations for 
Ad, PF and PRRS+ treatments were determined and reported in Table 2.4. Vitamin A 
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concentrations were low in Ad and PRRS+ treatments and vitamin E concentrations were low 
compared to the suggested reference interval across all three treatments. There was a trend for 
higher concentrations of cobalt and vitamin A in PF and PRRS+ pigs compared to Ad pigs (P = 
0.087; P = 0.080, respectively). Vitamin E concentrations tended to be higher in PF pigs and when 
PF and PRRS+ pigs were compared, it showed a significant difference (P = 0.022). Further, zinc 
concentrations were, also, above normal range for all three treatments, probably due the residual 
dietary therapeutic concentrations from the early nursery period. Both copper and iron 
concentrations in liver were higher in PF and PRRS+ pigs compared to Ad pigs (P < 0.001; P < 
0.001). Iron concentrations in the PF treatment were observed to be the highest and near toxicity 
concentrations. Manganese liver concentrations were different between PF and PRRS+ pigs (P = 
0.001), but there was no significance when comparing Ad pigs to both PF and PRRS+ pigs (P > 
0.10). Selenium concentrations were significantly higher in Ad pigs compared to both PF and 
PRRS+ pigs (P = 0.001). Significant differences were observed in zinc concentrations compared 
to Ad pigs (P < 0.001), while there was no difference between PF and PRRS+ pigs (P = 0.452). 
Compared to PF, PRRS+ pigs had higher liver concentrations of manganese (P = 0.001). Overall, 
all other minerals analyzed in the liver samples (calcium, chromium, magnesium, molybdenum, 
phosphorus, sodium, potassium) were insignificant concentrations between treatments (P > 0.10). 
However, calcium, chromium and sodium tended to differ in concentration between PF and 
PRRS+ treatments (P < 0.10; Table 2.5).  
 
Hair Analysis. To assess the impact on hair growth and follicles, skin and hair were collected from 
each pig. On a wet basis, no differences in hair weight were observed between treatments (P = 
0.139; Table 2.5). Furthermore, hair mass was calculated on a percent of body weight and the PF 
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and PRRS+ treatments had significantly more hair compared to the Ad treatment based on body 
weight (P = 0.015; Table 2.5). No differences were reported in percentage hair mass between the 
PRRS+ and PF treatments (P > 0.05). Assessment of hair follicle stage (anagen, catagen or telogen) 
after 10 days of PRRS virus challenge are reported in Table 2.5. The PF treatment had 56% of its 
hair follicles in the anagen stage and was significantly different from the Ad and PRRS+ treatments 
(P = 0.008). No differences were observed in the catagen stage between treatments (P = 0.758). 
Finally, the PRRS+ treatment had 55% of its follicles in the telogen stage, which was significantly 
different from the Ad and PF treatments (P = 0.007).   
 
2.4 Discussion 
Porcine Reproductive and Respiratory Syndrome virus causes disease in growing pigs that 
antagonizes performance and results in significant economic losses (Schweer et al., 2017; 
Cornelison et al., 2018). Moreover, disease hypophagia may explain a large part of the reduction 
in ADG reported in growing pigs (Pastorelli et al., 2012). In respect to PRRS, we have recently 
reported that challenged pigs had reductions in feed intake by 45% compared to healthy non-
challenged pigs (Helm et al., 2020). In order to further investigate this, a 10-day PRRSV challenge 
study was conducted in nursery pigs. The treatment group comprising of PRRSV naïve pigs’ pair-
fed to PRRSV challenged pigs’ daily feed intake was utilized to investigate the extent to which 
disease hypophagia affects mineral and vitamin status, and disease phenotypes (i.e. febrile 
response and hair). Pair feeding pigs was used to mimic disease feed intake without the effects of 
an immune response and understand what occurs when pigs are calorically restricted.  
In similar PRRS challenge studies, feed intake is reduced up to 25-30% (Rochell et al., 
2015; Schweer et al., 2016). In the current study, feed intake was reduced 54% in PRRS+ and PF 
pigs. In addition to a reduced feed intake, a lowered average daily gain as well as feed efficiency 
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has also been shown. In a similar experiment, PRRSV infection reduced overall ADG by 42% and 
G:F by 18%, whereas Che et al. (2011) and Liu et al. (2013) reported reductions of 59% and 47% 
for ADG and 29% and 33% for G:F, respectively (Che et al., 2011; Liu et al., 2013; Rochell et al., 
2015). A study looking at the intestinal impacts of PRRSV showed PRRS pigs had a 34% reduction 
in body weight compared to ad libitum fed pigs (Helm et al., 2019). In the current study, the 
reduction in body weight was similar, at 35%, compared to Ad pigs and the dpi 10 ADG was 
reduced in PRRS+ by 108% and 86% in PF pigs. Furthermore, G:F was reduced by 127% in 
PRRS+ pigs and 70% in PF pigs. These significant reductions in performance in the present study 
were more severe than what has been reported (Che et al., 2011; Liu et al., 2013). This difference 
in challenge severity may be explained by differences in pig genetics, age, health status and 
differences in PRRSV strain virulence (Murtaugh et al., 2002).  
Our group has previously reported (Helm et al., 2020) that PRRS and its associated 
hypophagia severely reduced ADG compared with Ad pigs. In Helm (2020), one treatment 
consisted of pigs that were pair fed to the daily intake of the PRRS challenged pigs to mimic 
disease feed intake. Pair fed (PF) pigs had a 50% to 60% reduction in ADG compared with Ad 
pigs. Further, PRRS pigs had reductions in ADG compared with PF pigs, indicating that losses in 
growth performance during this PRRS viral challenge were not fully driven by reductions in feed 
intake. This is also supported by the observation that G:F was reduced in PRRS pigs compared 
with PF pigs at both dpi 10 and 17 of the study. This viral challenge resulted in severe reductions 
in growth performance parameters and help explain the changes in metabolism to fuel the immune 
response and how those alterations contribute to losses in lean tissue accretion (Helm et al., 2020). 
A major issue with disease hypophagia is the reduced intake of essential nutrients and 
energy. However, it is unknown if a disease, such as PRRS, causes trace mineral and vitamin 
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deficiencies. Trace minerals (Co, Cu, Fe, I, Mn, Mo, Se, and Zn, among others) are required for 
proper functions of the organism, among which the most important are structural, physiological, 
catalytic, and regulatory (López-Alonso, 2012). It is known that during disease, in support of the 
immune response, nutrients such as vitamins and minerals, are sequestered (Shurson, 2016). 
Fueling inflammatory responses, cellular migration, respiratory burst, fever, and proliferation and 
maintenance of immune cell population’s likely demands a reallocation of dietary nutrients and 
tissue reserves (Ganeshan and Chawla, 2014; O'Neill and Pearce, 2016). In a previous study (Baker 
et al., 2019), a PRRS virus challenge was conducted and serum, liver, and bone vitamin and 
mineral concentrations were collected and determined. They reported higher liver concentrations 
of vitamin A in the liver in PRRS challenged pigs. This could be explained by the fact that retinol-
binding protein is a negative acute-phase protein, resulting in a decrease of vitamin A mobilization 
from the liver for PRRSV infected pigs. Challenged pigs also had greater calcium levels in their 
serum rather than their bone, suggesting mobilization of calcium for T-cell maturation and 
proliferation. Lastly, vitamin E levels were increased in their serum and less in the liver suggesting 
mobilizing vitamin E from the liver in support of the immune system (Baker et al., 2019). The 
authors did not report whether these concentrations were considered deficient. Although 
concentrations were altered, this was not conducted in a controlled manner for feed intake alone 
to describe this. In another study, during a bacterial health challenge, the disease promoted a 
decrease in plasmatic zinc resulting in a marginal deficiency (Barba-Vidal et al., 2017). In humans, 
it has been reported how pro-inflammatory cytokines during infectious diseases regulate changes 
in zinc hepatic reservoirs in liver cells leading to hypozincemia (Liuzzi et al., 2005; Barba-Vidal 
et al., 2017). For the current study, in comparison to the ad libitum fed treatment, multiple minerals 
and vitamins had elevated levels in the liver. Copper, iron and zinc had significantly increased 
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levels in the liver for the PF and PRRS+ treatments compared to the Ad treatment, with iron levels 
in the PF treatment nearing toxicity levels and zinc concentrations being above requirement as 
well. By calorically restricting the PF treatment, it can help explain the differences in 
concentrations presented in the current study of vitamins and minerals and therefore nutrient 
availability for tissue accretion (Helm et al., 2019). The reduction of circulation of iron and copper 
has been shown to lead to anemia (NSNG, 2012). Iron concentrations were significantly higher in 
the PRRS+ treatment suggesting iron being withheld in the liver. In support of this, when animals 
decrease their food intake, animals reduce the chance of raising plasma concentrations of free iron, 
which is an essential element that many bacteria need to replicate (Weinberg, 1978). Low iron 
levels alone do not impair bacterial growth, but proliferation of bacteria is inhibited when iron 
levels are low and body temperature is elevated (Konsman and Dantzer, 2001). Additionally, in 
the current study, there was a tendency for increased levels of both vitamin A and E in the liver 
for both PF and PRRS+ treatments. Further, vitamin A was considered above the reference interval 
for all treatments (NRC 2012). Minerals such as selenium and sodium did not seem to change in 
concentrations between treatments. This suggests that health challenged and even feed restricted 
animals are withholding nutrients within the liver in support of the immune system similar to 
previous research (Baker et al., 2019). The current study only occurred for 10 days so there were 
no drastic changes in vitamin and mineral status and may not be applicable in chronic cases.  
Animals develop a set of non-specific behaviors in response to infection that can enhance 
the host defenses (Bailey et al., 2003). Collectively, these behaviors are called “sickness 
behaviors” and they include lethargy, anorexia, decreased motor activity, and changes in 
thermoregulation (Sutherland et al., 2007). One other common disease phenotype in response to 
pathogens is the febrile response. With PRRSV, an elevated body temperature occurs within three 
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days of exposure, with peak occurring at day four and body temperature returning to normal at day 
ten (Greiner et al., 2001). In grower pigs, PRRS virus induces elevated body temperatures (~40.6 
ºC) (Greiner et al., 2001). Additionally, a persistently high fever (≥ 41 ºC) from four dpi that lasted 
nine days has been reported in PRRSV challenged pigs (Li et al., 2016). In the current study, 
PRRS+ infected pigs had an average body temperature of 39.8 ºC which resulted in a 1.1 oC 
increase compared to PF pigs and a 0.3 ºC increase compared to Ad pigs. In comparison to previous 
studies (Greiner et al., 2001; Li et al., 2016), the febrile response to PRRS in the current study was 
less severe. The significance of the febrile response is two-fold in a health challenged pig. First, 
the febrile response could be beneficial in creating an inhospitable  environment within the pig for 
pathogens to survive (Mackowiak, 1994). Second, if the febrile response is severe and long in 
duration, it will antagonize lean tissue growth (Kyriazakis and Sandberg, 2006). This is in part due 
to changes in the metabolic rate which has been estimated to increase 13% for each degree Celsius 
increase in body temperature (Kluger, 1991). Hypophagia or a reduction in feed intake has been 
shown to attenuate body temperatures. It has been previously reported that the normal body 
temperature ranged from 39.2-39.9 ºC before restriction began and dropped to 38.6 ºC on average 
after feed was restricted (Le Floc'h et al., 2014). Another study found that their feed restricted pigs 
resulted in a reduction of 0.4 ºC compared to non-restricted pigs (Poullet et al., 2019). These results 
were similar to the current study as PF pigs had a reduced body temperature at 38.7 ºC. This 
suggests that in order to conserve energy either for the immune response or when feed is restricted, 
there must be a change in thermoregulation in support of this.  
Another common phenotype in pigs that are diseased challenged is shivering and increased 
hair growth. Hair is comprised of both essential and nonessential amino acids, including arginine, 
leucine, valine and cysteine (Mahan and Shields, 1998). Thus, a change in follicle growth may 
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have an impact on AA availability for lean growth. To quantify this, herein we assessed both hair 
mass and follicle stage phenotype in PRRS virus challenged and non-challenged pigs. A trend in 
hair amount as a percent of body weight was reported, with the PF treatment having the greatest 
amount of hair and the Ad treatment having the least. There were no differences in hair weight 
between treatments on a wet basis. However, the PRRS+ treatment had an increase in hair follicles 
in the telogen stage compared to the Ad and PF treatments that suggests more follicles are going 
into the resting phase at dpi 10. The PF treatment had significantly more hair follicles in the anagen 
stage, suggesting there was an increase in production of hair growth. Although there are no 
differences in hair weight, the changes in follicle stage could suggest that there is motivation for 
production of hair and therefore the use of nutrients such as amino acids. Although there is little 
knowledge on hair growth in stress in animals, there is knowledge from human research that could 
explain what occurs. In the wake of stressful events, cytokines which regulate innate and adaptive 
immune responses are released that include the pro-inflammatory cytokines: tumor necrosis factor 
α (TNF-α) and interferon γ (IFNγ) (Dhabhar, 2013). As a consequence,  epithelial and 
mesenchymal cells in the skin are driven into apoptosis (Peters et al., 2005; Theoharides et al., 
2012) or senescence (Huang et al., 2017) and premature termination of hair growth occurs (Arck 
et al., 2006; Wang et al., 2015) resulting in the follicle progressing into regression or death. The 
presence of TNF-α is known to be a very potent inhibitor of proliferation (Symington, 1989). In 
vitro studies have shown that TNF-α, along with Interleukin-1α (IL-1α) and Interleukin 1-β (IL1-
β), causes vacuolation of matrix cells within the follicle bulb and a decrease in the size of matrix 
cells (Philpott et al., 1996). Interleukin-1 is a very potent inducer of hair loss and a significant 
human hair growth inhibitor in vitro. Hoffmann et al. have demonstrated that during induced 
murine hair cycle, IL-1α and IL-1β increase profoundly with the onset of spontaneous catagen 
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phase, while they peak during telogen phase and are associated with increased expression of the 
signal transducing type I IL-1 receptor (Hoffmann et al., 1994; Gregoriou et al., 2010).  
Cytokines are involved in many pathophysiological processes of the body and act as 
intercellular messengers. The proinflammatory cytokines (interferon α (IFN-α), TNF-α and IL-1) 
are produced during the most early stages of inflammation or infection (van Reeth and Nauwynck, 
2000). In the current study, cytokine concentrations were analyzed from plasma at dpi 10. 
Interleukin-1β, IL-6 and IL-8 all did not show significant differences among the three treatments. 
However, IL-2 and IL-10 did show significant differences between the Ad, PF and PRRS+ 
treatments and more interestingly, IFN-α, IFN-γ and TNF-α were significant as well. It was 
previously reported that mRNA levels of IL-1α, IL-1β, IL-8 and TNF-α were increased after one 
day of a PRRS infection (Thanawongnuwech et al., 2004). The presence of elevated concentrations 
in the current study of these cytokines in the PF and PRRS+ treatments can explain the changes in 
follicular growth during disease.  
In conclusion, this study demonstrates that changes that occur to growth performance 
during PRRS could be a function of disease hypophagia and sickness behavior. Feed restriction 
and the immune response can explain the changes in liver vitamin and mineral concentrations, hair 
growth, and the cytokine response. Further, during disease hypophagia, a reallocation of nutrients 
away from maintenance and tissue growth can explain these alterations. Finally, the immune 
response during PRRS initiates a change in thermoregulation as well as hair production at the cost 
of essential nutrients. A more severe response in these measurements was observed in PRRS+ pigs 
suggesting these changes are viral, however, differences were still shown in the PF treatment 
indicating reductions in feed intake also play a role in these alterations.  
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                            Table 2.1 Diet composition, as-fed.  
Ingredient        % 
  Corn, yellow dent         56.80 
  Soybean meal, 46.5% CP    38.54 
  Soybean oil               1.42 
  L-Lysine HCl              0.23 
  DL-Methionine             0.07 
  Monocalcium phosphate 21% 1.18 
  Limestone                 1.11 
  Salt                      0.35 
  Vitamin/trace mineral premix1 0.15 
  Trace mineral premix2 0.15 
  Titanium dioxide marker 0.40 
Calculated composition  
  CP, % 22.90 
  ME, kcal/kg 1,520 
  NE, kcal/kg 1,086 
  Lys, SID3 % 1.30 
  Lys, total % 1.46 
1Provided per kg of diet: 7,600 IU of vitamin A; 875 IU of 
vitamin D3; 62 IU of vitamin E; 3.7 mg of menadione (to 
provide vitamin K); 61 μg of vitamin B12; 14 mg of 
riboflavin; 34 mg of d-pantothenic acid; and 70 mg of niacin.  
2Provided per kg of diet):  165 mg of Fe (ferrous sulfate); 165 
mg of Zn (zinc sulfate); 39 mg of Mn (manganese sulfate); 2 
mg of Cu (cooper sulfate); 0.3 ppm of I (calcium iodate); and 
0.3 ppm of Se (sodium selenite) 
 
 
 
 
 
 
  
 
 
Table 2.2 Impact of PRRS and feed restriction to PRRS feed intake on plasma cytokine at dpi 10 with 
PRRS virus.  
Item Ad PF PRRS+ SEM P-value 
Interferon α, pg/mL 0.9a 8.5a 49.2b 10.4 0.007 
Interferon γ, pg/mL 17a 106a 531b 109 0.006 
Interleukin 1β, pg/mL 6 210 674 242 0.107 
Interleukin 6, pg/mL 6 35 411 193 0.263 
Interleukin 8, pg/mL 19 6 25 12.1 0.435 
Interleukin 10, pg/mL 3a 31a 105b 25.9 0.026 
Interleukin 2, pg/mL 234a 920b 426a 154 0.015 
Tumor necrosis factor α, pg/mL 6a 33a 88b 19.0 0.016 
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference 
1n=8 pigs per treatment. Ad = ab libitum fed pigs, PRRS naïve; PF = PRRS naïve, fed daily to PRRS pig 
feed intakes; PRRS+ = PRRS virus challenge with ORF5 1-3-4, ad libitum feed intakes. 
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Table 2.3 Pig growth performance and body composition. 
 Treatment1   
Item Ad PF PRRS+ SEM P-value 
Start BW, kg 12.78 12.75 13.13 0.221 0.418 
End BW, kg 
19.41a 13.61b 12.53b 0.461 <0.0001 
Carcass, kg 14.03a 10.68b 9.36c 0.707 <0.0001 
Dressing, % 72.2a 79.6b 74.61a 0.829 <0.0001 
Head, kg 1.54a 1.24b 1.16b 0.057 <0.0001 
Liver, kg 0.738a 0.444b 0.506b 0.0377 <0.0001 
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference 
1n=8 pigs per treatment.  
Ad = ab libitum fed pigs, PRRS naïve; PF = PRRS naïve, fed daily to PRRS pig feed intakes; PRRS+ = 
PRRS virus challenge with ORF5 1-3-4, ad libitum feed intakes. 
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Table 2.4 Liver mineral and vitamin concentrations (ppm) in 10 dpi PRRS virus challenged pigs. 
 
 Treatment1   
Item Ad PF PRRS+ SEM P-value 
 Cadmium 0.009 0.012 0.010 0.0010 0.071 
 Calcium 64.3 70.6 64.5 3.80 0.126 
 Chromium 0.04 0.05 0.04 0.004 0.198 
 Cobalt  0.006 0.008 0.007 0.0006 0.087 
 Copper 7.75a 13.38b 9.38a 0.821 <0.001 
 Iron 120.3a 196.8b 140.0a 12.09 <0.001 
 Magnesium 184.6 193.3 199.5 5.56 0.141 
 Manganese 2.94a 2.55a 3.33b 0.136 0.002 
 Molybdenum 0.58 0.58 0.64 0.054 0.658 
 Phosphorus 2,891 2,893 2,941 82.6 0.880 
 Potassium 3,211 3,231 3,110 107.6 0.678 
 Selenium 0.66a 0.62a 0.54b 0.021 0.001 
 Sodium 975 1,066 952 43.1 0.167 
 Zinc 124a 331b 281b 31.7 <0.001 
 Vitamin A 16.8a 21.4b  17.8ab 1.45 0.080 
 Vitamin E 2.89 3.16 2.35 0.232 0.062 
 a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference 
1n=8 pigs per treatment.  
Ad = ab libitum fed pigs, PRRS naïve; PF = PRRS naïve, fed daily to PRRS pig feed intakes; 
PRRS+ = PRRS virus challenge with ORF5 1-3-4, ad libitum feed intakes.  
 
 
 
 
   
 
 Table 2.5 Hair follicle stage as percent and weight of hair.  
 Treatment1   
Item Ad PF PRRS+ SEM P-value 
Anagen, % 37.17a 55.95
b 27.34a 5.751 0.008 
 
Catagen, % 22.98 18.40 18.04 5.197 0.758 
 
Telogen, % 39.84a 25.65b 54.63c 6.005 0.007 
      
Carcass hair, g      4.79       6.27   4.81       0.577     0.139 
Hair, % carcass weight 0.04a 0.07b 0.06b 0.006  0.015 
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference 
1n=8 pigs per treatment. Ad = ab libitum fed pigs, PRRS naïve; PF = PRRS naïve, fed daily to PRRS pig feed 
intakes; PRRS+ = PRRS virus challenge with ORF5 1-3-4, ad libitum feed intakes. 
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Figure 2.1 Average body temperature of non-challenged ad libitum fed pigs (Ad), non-challenged 
pigs pair-fed to the daily feed intake of PRRS+ counterparts (PF), or porcine reproductive and 
respiratory syndrome virus challenged pigs (PRRS+) over 10 day-period (PF; n=8 pigs/treatment). 
Differing letters a,b,c represent P < 0.01.       
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A)          B) 
 
C) 
 
Figure 2.2 Overall 10 dpi A) average daily gain, B) average daily feed intake, C) feed efficiency 
of non-challenged ad libitum fed pigs (Ad), non-challenged pigs’ pair-fed to the daily feed intake 
of PRRS+ counterparts (PF), or porcine reproductive and respiratory syndrome virus challenged 
pigs (PRRS+) (PF; n=8 pigs/treatment). In panels A-C, differing letters a,b,c represent P < 0.01. 
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Figure 2.3. Progression of hair follicles from A) Anagen: Active fiber production, arrow 
signifying proliferating matrix cells in bulb, B) Catagen: Tissue regression, arrow signifying 
regressed bulb and C) Telogen: Resting phase, arrow signifying completely regressed bulb.  
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Abstract  
Porcine reproductive and respiratory syndrome virus (PRRS) virus antagonizes pig growth 
performance and disease symptoms include pneumonia, fever, lethargy, hypophagia, failure to 
thrive and an increase in mortality. Commonly used mitigation strategies that modulate these 
disease symptoms include vitamin B12, sodium salicylate, and electrolyte treatments. Therefore, 
the objective of this study was to determine the extent to which a vitamin B12 and sodium salicylate 
treatment or an isotonic electrolyte treatment could improve growth performance and feed intake 
and reduce the febrile response in PRRS virus infected nursery pigs. A total of 32 PRRS-naïve 
gilts (7.7 ±1.5 kg BW) were individually housed and assigned across four treatments (n=8/trt): 1) 
Control, PRRS-naïve (CON), 2) PRRS virus infected (PRRS+), 3) As #2 plus vitamin B12 and 
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sodium salicylate treatments (B12), and 4) As #2 plus isotonic electrolyte supplementation 
(Isotonic). On days post inoculation (dpi) 0, pigs were inoculated with PRRS virus, vitamin B12 
was administered weekly, sodium salicylate and the electrolyte solution were given orally daily in 
the water or fed daily from dpi 4-18. Body temperatures and feed intakes were measured daily, 
and ADG, ADFI, G:F, and PRRS serology assessed weekly for 21 dpi. Over the 21-day test period, 
irrespective of treatment, PRRS virus infection resulted in a significant increase in PRRS viremia 
and antibody titers compared to the control (P < 0.05). Compared to PRRS+, B12 and Isotonic 
treatments did not have differing body temperatures. However, PRRS+ had a significant increase 
in average body temperature compared to the CON (39.8 vs. 39.3 oC, respectively, P = 0.021). 
There were also no differences in ADG, ADFI or G:F between treatments. Compared to the CON, 
PRRS+ infection reduced overall ADG by 83% (0.54 verses 0.09 g/d, P < 0.001), end BW by 9 kg 
(P < 0.001) and ADFI by 11% (P < 0.001). The B12 treatment group showed a decrease in ADFI 
of 67% (P < 0.001), 88% in ADG (P < 0.001) and an 80% decrease in G:F (P < 0.001). Isotonic 
supplemented pigs had a decrease in ADFI of 59% (P < 0.001), decrease in ADG of 88% (P < 
0.001) and a 74% decrease in G:F (P < 0.001) showing no differences in treatment groups 
compared to PRRS+. Although intervention with vitamin B12, sodium salicylate and isotonic 
electrolytes did not differ in growth performance and the febrile response between treatments, 
there were improvements in survivability (P < 0.05).  
 
3.1 Introduction 
 
Porcine reproductive and respiratory syndrome (PRRS) virus causes symptoms including 
pneumonia, lethargy, failure to thrive and an increase in mortality (Rossow, 1998). Another 
characteristic of PRRS is a febrile response (Greiner et al., 2000). This virus is an economically 
significant disease impacting pig production in North America, Europe, and Asia (Serao et al., 
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2014; Nathues et al., 2017). Disease and stress challenges, such as PPRS, significantly reduce feed 
intake compared to healthy non-challenged control pigs (Pastorelli et al., 2012). Disease 
hypophagia, or reduced voluntary feed intake, is a common phenotype observed in nearly all 
species including pigs (Plata-Salaman, 1996; Johnson, 2002). Voluntary feed intake is commonly 
reduced 25-30% by PRRS compared to control naïve pigs (Toepfer-Berg et al., 2004; Rochell et 
al., 2015; Schweer et al., 2016). It has been previously demonstrated that a reduction in feed intake 
accounts for a significant portion of the alterations in skeletal muscle accretion and metabolism 
during a PRRS virus challenge (Escobar et al., 2006; Helm et al., 2019) Given the significance of 
this disease on pig performance and health, dietary and management mitigation strategies are 
desired. These strategies used to reduce the febrile response, inflammation and increase feed intake 
may be beneficial for improving pig survivability and growth during disease.  
In pig production, the use of vitamin B12, sodium salicylate and electrolytes are common 
strategies used to improve symptom severity (Amann and Peskar, 2002; Bardal, 2011).  However, 
the ability of these intervention strategies to improve pig performance during PRRS is not well 
defined. A classical response to some pathogens, including PRRS virus (Greiner et al., 2001) is a 
febrile response. This febrile response is energy intensive, requiring a 7–15% increase in caloric 
energy production per Celsius increase in body temperature (Baracos et al., 1987). However, if 
overzealous, metabolic demands are enhanced and energy is repartitioned away from lean growth 
(Gozzoli et al., 2004). Sodium salicylate is a common NSAID (nonsteroidal anti-
inflammatory/antipyretic drug) used to mitigate the febrile and pro-inflammatory response during 
illness (Amann and Peskar, 2002). During disease hypophagia, vitamin B12 is commonly used in 
the field by veterinarians to provide energy and increase appetite in livestock as it is essential for 
cellular function and processes in many organ systems (Romain et al., 2016). However, the 
 73 
efficacy of vitamin B12 to increase appetite under disease conditions is questionable.  During a 
disease challenge, many symptoms can affect the animal including diarrhea allowing for low 
nutrient uptake and water absorption. Electrolytes are also used in suckling and health 
compromised pigs to improve performance and reduce mortality (Dewey et al., 2008). When fed 
in the water or mixed with feed as a gruel, these supplementations aid in the hydration and nutrient 
uptake by maintaining the acid-base balance in pigs (Felman and Choi, 2017).  
Nursery pigs infected with PRRS virus have attenuated growth performance due to 
hypophagia and the fever response (Greiner et al., 2001) as well as an increased risk of mortality 
(Stevenson et al., 1993). Therefore, the objective of this study was to evaluate the use of vitamin 
B12, sodium salicylate and isotonic electrolyte solutions in mitigating symptoms such as reduced 
feed intake and fever in PRRS virus challenged nursery pigs. We hypothesized that the 
combination of vitamin B12 and sodium salicylate would augment pig health and performance by 
reducing the severity of the febrile response and increase appetite. Furthermore, we hypothesized 
that utilizing an isotonic electrolyte solution during disease would enhance nutrient absorption 
therefore, leading to improved growth performance. To investigate these objectives, a study was 
completed consisting of a 21-d PRRS virus challenge. 
 
3.2 Materials and Methods  
All animal procedures in this study were approved by the Iowa State University 
Institutional Animal Care and Use Committee (IACUC# 18-193) and adhered to the ethical and 
humane use of animals for research.  
 
 74 
Animals, Housing, and Experimental Design. Thirty-two, PRRSV naïve gilts (7.7 ±1.5 kg BW; 
PIC Camborough x PIC 337) were selected and assigned to individual pens in a Biosafety Level 2 
livestock infectious disease isolation facility (Iowa State University, Ames, IA). On day post-
inoculation (dpi) -3, all pigs were weighed and microchipped (LifeChip® with Bio-Thermo 
Technology, Destron Fearing, Eagan, Mn) in the neck for non-invasive core body temperature 
monitoring. Throughout the study, all pigs had ad libitum access to feed and water. A typical corn-
soybean meal nursery diet was fed to all pigs during the study. The diet was formulated (Table 
3.1) to meet or exceed requirements for this age of pig (NRC, 2012). After a 3-day acclimation 
period, 24 pigs were inoculated with 1 mL intranasal and 1 mL intramuscular of a live field isolate 
of PRRS virus (Open reading frame 5 sequence 1-3-4) on dpi 0. Across multiple rooms, pigs were 
randomly assigned to four treatments (n=8/trt) prior to inoculation. These treatments consisted of: 
1) Control, PRRS naïve (CON); 2) PRRS virus challenged with no supplementation (PRRS+); 3) 
PRRS virus challenged + vitamin B12 and sodium salicylate (B12); and 4) PRRS virus challenged 
+ isotonic electrolyte solution (Isotonic). In the B12 treatment, on dpi 4, 11 and 18, pigs were 
intramuscularly injected with 1 mL of vitamin B12 (1000 mcg Vet One, Boise, ID). Depending on 
their individual body weight, these pigs were given a diluted solution of sodium salicylate (30 
mg/kg; 48.6% concentrate, Oral Pro, Aurora Pharmaceutical, Northfield, MN) orally through a 
gavage beginning dpi 4 and continued through dpi 17. Sodium salicylate can only be given for 14 
days and started at dpi 4 based on the predicted onset of the febrile response (Helm et al., 2019). 
For the isotonic treatment, pigs were given Tonistity PX (Tonisity International Ltd, St. Joseph, 
MO). Starting at a 3% solution with liquid, pigs were offered 300 mL daily from dpi 0-2. On dpi 
3, the 3% solution was fed as a gruel with their feed, from dpi 4 and 5 the concentration was 
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reduced to 1.5% and then to 0.75% on dpi 6-15. From dpi 16-21, a solution as 2% was given in 
solution in addition to the gruel to stimulate hydration and nutrient intake.  
Body temperatures (°C) of pigs were recorded daily between 0700-0830 hours with a 
handheld scanner (Global Pocket Reader TM Plus Microchip Scanner, Destron Fearing, Eagan, 
Mn). To assess daily feed consumption, feed intakes were also recorded daily by weighing feeders 
and recording 24-hour feed disappearance. Added feed, spilled or spoiled feed was accounted for 
and adjusted in these weights. Weekly average daily feed intake (ADFI) was calculated by adding 
the daily feed intakes together. Body weights were taken on dpi 0, 7, 14, and 21. Therefore, average 
daily gain (ADG), ADFI, and feed efficiency (G:F) was calculated weekly and for the overall 21 
dpi test period.  
 
Blood Collection and Analysis. Blood samples were collected (8 mL) from each pig on dpi 0, 7, 
14, and 21 via jugular venipuncture into vacutainer serum collection tubes (BD, Franklin Lakes, 
NJ). After clotting, serum was centrifuged (2,000 x g, 15 min at 4 °C), aliquoted and stored at -80 
oC. One aliquot of serum was submitted to the Iowa State Veterinary Diagnostic Laboratory 
(ISUVDL, Ames, IA) for PRRS viremia by real-time RT-PCR and to determine anti-PRRSV 
antibody levels via a commercially available ELISA test (Schweer et al., 2018). A PCR Ct value 
≥37 indicated a negative PRRS viremia, while a S/P ratio <0.40 indicated negative anti-PRRSV 
antibody titers.  
 
Statistical Analysis. The individually penned pig was considered the experimental unit and all data 
were analyzed using the MIXED procedure of SAS version 9.4 (SAS Inst. Inc., Cary, NC) to study 
the effects of treatment. Least square (LS) means of treatments were determined using the LS 
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means statement and differences in LS means were produced using the pdiff option. Day (dpi) was 
identified as the repeated effect in the model for analysis of serology and febrile response data to 
determine effects of dpi, treatment, and their interaction. Data are reported as LS means with a 
pooled SEM when P < 0.05 and a tendency when 0.05 ≤ P ≤ 0.10. Survival differences were 
assessed, and univariate odds ratio were calculated for each factor analyzed (Proc Freq; SAS) and 
adjusted odds ratios (Proc Logistic; SAS) were estimated.  
 
3.3 Results 
Viremia, Serology, and Febrile Response. All pigs were determined to be negative for PRRS virus 
and antibody prior to inoculation via serum PCR and ELISA, respectively. At dpi 7, 14 and 21, 
CON pigs were negative for PRRS virus as indicated by serum PCR Ct values ≥37 and PRRS 
antibody S/P ratios <0.40 (Table 3.2). The overall interaction was significant (P < 0.001) for PRRS 
virus titer in which PRRS+ pigs were the only treatment group to exhibit positive Ct values of 22.6 
and a PRRS antibody S/P ratio of 0.754 (Table 3.2). Compared to the CON pigs, viremia and 
antibody titers were significant in PRRS+, B12 and Isotonic pigs (P < 0.001). Viremia and 
antibody titers did not differ between the PRRS+, B12 and Isotonic treatments at dpi 7, 14 or 21 
(P > 0.05; Table 3.2). 
 The febrile response to PRRS virus was assessed using core body temperatures measured 
each morning on all pigs (Figure 3.1). By dpi 4, PRRS+, B12 and Isotonic pigs had elevated body 
temperatures compared to the CON pigs. Overall, there was a significant difference in body 
temperature (P < 0.001). These differences remained significant until dpi 21. This resulted in 
PRRS+ pigs having a 0.6 oC increase, B12 pigs having a 0.5 oC increase and Isotonic pigs having 
0.7 oC increase compared to CON pigs over the 21-d test period (P < 0.001).  
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Growth Performance and Survivability. Start body weight did not differ between treatment groups 
(P = 0.934, Table 3.3); however, end body weight was 41% lower (~8 kg lighter) in PRRS+ pigs 
compared to CON pigs (P < 0.001). Compared to CON pigs, overall ADG was significantly 
reduced by 74% in PRRS+ (P < 0.001).  Overall, ADFI showed a similar reduction of 60% when 
comparing CON pigs to PRRS+ pigs (P < 0.001). Feed intake started to decline at dpi 2 and 
remained constant throughout trial irrespective of treatment. Daily feed intake was significantly 
affected by treatment, dpi, and their interaction (P < 0.001, Fig. 3.2). Overall and within each 
week, ADFI was highest in CON pigs compared to PRRS+, B12, and Isotonic pigs (P < 0.001), 
which did not significantly differ from one another (Table 3.3). Overall G:F was significantly 
different between treatment groups as well (P < 0.001, Table 3.3). To examine the impact of the 
mitigation strategies on survival probability over the 21-dpi period, an odds ratio was determined. 
A survivability curve was generated (Figure 3.3) and there was a significant difference in the 
probability of survivability (P = 0.001; Figure 3.3). The survivability probabilities were 100%, 
75%, 50% and 25% for CON, B12, Isotonic and PRRS+ treatments, respectively.  
 
3.4 Discussion 
 Viral health challenges in pigs can result in disease symptoms that include fever, decreased 
feed intake, and lethargy (Rossow, 1998; Greiner et al., 2001). Utilizing intervention strategies to 
lessen symptom severity and duration in response to PRRS virus infection could prove helpful in 
pigs overcoming the disease, maintaining, or improving growth performance and mitigating 
mortality. However, strategies to reduce the febrile response and attenuate hypophagia in PRRS 
virus challenged pigs has not been well studied. In order to investigate this, a 21-day PRRS virus 
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challenge study was conducted to evaluate the potential benefits of isotonic electrolytes and 
vitamin B12 in combination with sodium salicylate on nursery pig health and growth performance.  
In PRRS virus challenged pigs, the ensuing febrile (Greiner et al., 2001), lethargy (Rossow, 
1998), and proinflammatory cytokine responses (Escobar et al., 2004) induce sickness behavior 
and increase morbidity and the risk of mortality (Pils et al., 2016). This sickness behavior is 
brought on by the diversion of energy resources from systems that support day-to-day activities to 
support the immune response (Johnson, 2002). Therefore, motivation to eat is reduced and resting 
is increased (Colpoys et al., 2020). Additionally, the pro-inflammatory cytokines secreted by 
activated mononuclear phagocytic cells reduce the pigs motivation for food (Johnson, 1998). In a 
21 d PRRS study (Escobar et al., 2006), feed intake was reduced overall by 31% in PRRS pigs 
compared to the control. Overall daily gain was reduced by 39% in PRRS pigs, as well. 
Furthermore, PRRS pigs saw a reduction in feed efficiency of 14% (Escobar et al., 2006). This 
study, also, had a treatment group supplemented with Solutein (spray-dried animal plasma) in their 
drinking water. Supplementation did not improve growth performance in PRRS infected pigs. 
Overall average daily gain was reduced by 41% in PRRS infected pigs. Feed intake was reduced 
by 32% and feed efficiency was reduced by 14%, showing similar reductions compared to non-
supplemented animals (Escobar et al., 2006). Another study involving PRRS vaccinated pigs that 
were supplemented with threonine and tryptophan, also, observed significant reductions. Overall, 
PRRS vaccinated pigs had a lower feed intake, lower weight gain, and a trend for lower feed 
efficiency. However, pigs that were PRRS vaccinated and supplemented with threonine and 
tryptophan, both average daily gain and feed intake were significantly higher than pigs not 
supplemented (Xu et al., 2014). In the current study, the overall reduction in feed intake when 
comparing control pigs to PRRS+ infected pigs was 60%. The reduction in daily gain was 74% 
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and feed efficiency was reduced by 35%, showing a more severe reaction in growth performance 
compared to the previous study. Vitamin B12 and isotonic electrolyte supplemented pigs also had 
severe reductions in growth compared to the control. The vitamin B12 treatment group showed a 
decrease in feed intake of 67%, a decrease in daily gain of 88% and an 80% decrease in feed 
efficiency. Isotonic supplemented pigs had a decrease in feed intake of 59%, decrease in daily gain 
of 88% and a 74% decrease in feed efficiency showing no differences in treatment groups 
compared to PRRS+ challenged pigs. This could be explained by the age of pig as well as the 
virulence of PRRSV strain utilized (Murtaugh et al., 2002).  
In this study, mortality was recorded therefore survivability amongst the treatments was 
measured. In a similar study of PRRS challenged pigs that received dietary soy isoflavones 
observed differences in mortality rates. The PRRS positive treatment group experienced a 47% 
mortality rate while the PRRS positive group supplemented with soy isoflavones only experienced 
25% mortality (Smith et al., 2020). In the current study, a similar impact on mortality and improved 
survivability was observed with those challenged with PRRS+ and given a supplement of some 
type. Both vitamin B12 and sodium salicylate and the isotonic electrolyte supplements had 
improved mortality in comparison to the PRRS+ only treatment.  
Fever and sickness behavior are a consequence of the complex process of inflammation. 
Inflammation occurs as an immediate innate defense response to invading pathogens (Harden et 
al., 2015). In a febrile response, there are several immune-to-brain signaling pathways that initiate 
an inflammatory response to the central nervous system from activation from the peripheral 
nervous system (Harden et al., 2015). The activation of this response occurs in two parallel waves 
and the first is induced by the rapid recognition of pathogen-associated molecular patterns by Toll-
like receptors (Harden et al., 2015). This interaction results in the synthesis and release of cytokines 
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which trigger the second wave causing signaling on the vagus nerve (Harden et al., 2015). In the 
brain, COX-2 and Prostaglandin E synthase-1 induces the release of PGE2 (Harden et al., 2015). 
The release of PGE2 will initiate responses such as metabolic heat production, shivering, and 
warm-seeking behavior, or the febrile response (Harden et al., 2015). As a consequence of fever, 
survival rates can be increased and there can be enhanced tissue damage at high body temperatures 
(Harden et al., 2015). Therefore, controlling fever during disease can be beneficial. Arguments 
used to support therapeutic fever control include reducing the metabolic demands and the enhanced 
cardiorespiratory strain during fever, as well as improved comfort associated with fever treatment 
(Gozzoli et al., 2004). One strategy to reduce fever is to deliver NSAIDs to health challenged 
animals, to suppress the activation of heat generating responses (Harden et al., 2015). Aspirin 
works to block COX-2 that forms prostaglandin therefore inhibits a fever (Flower, 2003). The 
effects of NSAIDs such as aspirin or sodium salicylate are well understood on inflammation, but 
when supplemented to PRRS challenged pigs, the outcome isn’t as well known. Acetylsalicylic 
acid (aspirin) inhibited TNFα in porcine pulmonary intravascular macrophages after LPS 
stimulation but did not reduce COX-2 expression which both contribute to inflammation (Chen et 
al., 2003). In another study using supplementation of aspirin, 100 mg/kg acetylsalicylic acid was 
given (recommended dose 30 mg/kg twice daily). This supplementation reduced temperature to 
baseline in an LPS-challenged inflammatory model. Pigs treated at a dosage of 35 mg/kg showed 
an elevated temperature over the whole follow-up period (Salichs et al., 2012). Acetylsalicylic acid 
treatment also alleviated the side effects of foot-and-mouth-disease vaccination in pigs, namely 
a lower increase in rectal temperature and a higher average daily weight gain but had no influence 
on food intake or feed conversion ratio (Kim et al., 2015; Schoos et al., 2019). In the current study, 
daily body temperature was not reduced when supplemented with sodium salicylate in addition to 
 81 
vitamin B12 over the 21-day period. The isotonic solution did not lower the febrile response as 
well.  
The objective of this study was to mitigate the symptoms of PRRS and improve growth 
performance during a health challenge. In conclusion, it was demonstrated that supplementation 
of vitamin B12, sodium salicylate and isotonic electrolytes did not mitigate the symptoms 
associated with PRRS. Further, they did not enhance growth performance and feed intake. 
However, these intervention strategies proved beneficial in survivability during a health challenge. 
Further studies on a larger scale would need to be reproduced in order to validate the response 
PRRS infected pigs had in terms of feed intake and the febrile response when given 
supplementation.  
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Table 3.1. Diet composition, as-fed 
Ingredient        % 
  Corn, yellow dent         65.98 
  Soybean meal, 46.5% CP    24.50 
  Soybean oil               0.50 
  Corn DDGS1                 5.00 
  L-Lysine HCl              0.38 
  DL-Methionine             0.06 
  L-Threonine               0.09 
  Monocalcium phosphate 21% 1.14 
  Limestone                 1.20 
  Salt                      0.45 
  Vitamin/trace mineral premix 0.30 
  Titanium dioxide marker 0.40 
Calculated composition  
  CP, % 18.61 
  ME, kcal/kg 3,332 
  NE, kcal/kg 2,418 
  Lys, SID3 % 1.10 
  Lys, total % 1.23 
Analysis  
  DM, % 86.4 
  CP, % 18.4 
  Total Lys, % 1.25 
  GE, kcal/kg 3,966 
1DDGS = distiller’s dried grains with solubles. 
2Premix supplied (per kg of diet): 8,820 IU vitamin A, 1,653 IU vitamin D3, 33.1 IU vitamin E, 
4.4 mg vitamin K, 6.6 mg riboflavin, 38.9 mg niacin, 22.1 mg pantothenic acid, 0.04 mg vitamin 
B12, 1.1 mg I as potassium iodide, 0.30 mg Se as sodium selenite, 60.6 mg Zn as zinc oxide, 
36.4 mg Fe as ferrous sulfate, 12.1 mg Mn as manganous oxide, and 3.6 mg Cu as copper sulfate. 
3SID = standardized ileal digestibility. 
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Table 3.2.  PRRS viremia and antibody titers during PRRS challenge  
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference 
Ct ≥ 37 denotes negative PRRS outcome. 
PRRSX3 antibody S/P ratio ≤0.40 denotes PRRS negative 
1n=8 pigs per treatment. Con = ab libitum fed pigs, PRRS naïve; PRRS+ = PRRS virus challenge 
with ORF5 1-3-4, ad libitum feed intakes; B12 = PRRS virus challenge supplemented with 
vitamin B12; Isotonic = PRRS virus challenge supplemented with isotonic electrolyte 
supplement. 
 
 
  
   Treatment1    
Item CON PRRS+ B12 Isotonic SEM P-value 
PRRS viremia Ct       
 dpi 7 36.65a 17.31
b 17.48b 17.49b 0.948 <0.001 
 dpi 14 36.89a 27.55
b 23.15b 21.22c 1.429 <0.001 
 dpi 21  37.00a 30.88
b 30.47b 29.29b 1.559 0.028 
PRRS X3 antibody        
 dpi 7 0.01a 0.39
b 0.30b 0.34b 0.120 <0.001 
 dpi 14 0.01a    1.07
b 1.36b 1.54b 0.116 <0.001 
 dpi 21 0.01a 1.40
b 1.33b 1.28b 0.126 <0.001 
 87 
 
 
 
 
Table 3.3. Pig growth performance and body composition  
 
 
 
 
 
 
 
 
 
 
 
 
a,b,c,dMeans with differing superscripts indicate a significant (P < 0.05) difference 
1n=8 pigs per treatment. Con = ab libitum fed pigs, PRRS naïve; PRRS+ = PRRS virus challenge 
with ORF5 1-3-4, ad libitum feed intakes; B12 = PRRS virus challenge supplemented with 
vitamin B12; Isotonic = PRRS virus challenge supplemented with isotonic electrolyte 
supplement. 
 
 
 
 
 
 
 
 
 
 
   Treatment1     
Item CON PRRS+ B12 Isotonic SEM P-value 
       
Start BW, kg 8.48 8.01 8.45 8.49 0.623 0.934 
End BW, kg 
dpi 0-7 
19.71a 11.59b 10.47b 10.54b 1.278 <0.001 
 ADG, kg/d 0.45a 0.04b 0.04b 0.06b 0.043 <0.001 
 ADFI, kg/d 0.67a 0.28c 0.30c 0.43b 0.045 <0.001 
 G:F 
dpi 8-14 
 ADG, kg/d 
 ADFI, kg/d 
 G:F 
dpi 15-21 
 ADG, kg/d 
 ADFI, kg/d 
 G:F 
dpi 0-21 
 ADG, kg/d 
 ADFI, kg/d 
 G:F 
0.67a 
 
0.48a 
0.82a 
0.58a 
 
0.68a 
1.18a 
0.58b 
 
0.54a 
0.88a 
0.62a 
0.12b 
 
0.00bc 
0.18c 
-0.46c 
 
0.28b 
0.42b 
0.67a 
 
0.14b 
0.35b 
0.40b 
0.12b 
 
0.04b 
0.23c 
-0.01b 
 
0.10c 
0.25c 
-0.04d 
 
0.06c 
0.29b 
0.12c 
0.11b 
 
-0.04c 
0.34b 
-0.05b 
 
0.07c 
0.24c 
0.17c 
 
0.06c 
0.36b 
0.16c 
0.012 
 
0.091 
0.074 
0.343 
 
0.087 
0.088 
0.302 
 
0.039 
0.057 
0.089 
<0.001 
 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
 88 
 
 
 
 
 
 
 
 
Figure 3.1. Changes in body temperature daily from dpi -3 to 21 of porcine reproductive and 
respiratory syndrome virus challenged pigs (PRRS+), non-challenged ad libitum pigs (Con), 
PRRS virus challenged pigs treated with vitamin B12+ sodium salicylate (B12) and PRRS virus 
challenged pigs supplemented with isotonic electrolyte supplement (Isotonic). n = 8 
pigs/treatment. Treatment P = 0.003, dpi P < 0.001, and treatment x dpi P < 0.001. 
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Figure 3.2. Daily feed intake of porcine reproductive and respiratory syndrome virus challenged 
pigs (PRRS+), non-challenged ad libitum pigs (Con), PRRS virus challenged pigs treated with 
vitamin B12+ sodium salicylate (B12) and PRRS virus challenged pigs supplemented with 
isotonic electrolyte supplement (Isotonic). n = 8 pigs/treatment. Treatment P < 0.001, dpi P < 
0.001, and treatment x dpi P < 0.001. 
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Figure 3.3. Survival Probability over 21-day test period of porcine reproductive and respiratory 
syndrome virus challenged pigs (PRRS+), non-challenged ad libitum pigs (Con), PRRS virus 
challenged pigs treated with vitamin B12+ sodium salicylate (B12) and PRRS virus challenged 
pigs supplemented with isotonic electrolyte supplement (Isotonic). n = 8 pigs/treatment. P = 
0.001.  
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CHAPTER 4. GENERAL DISCUSSION  
 
Pathogenic disease antagonizes pig performance, wellbeing, morbidity, and survivability 
at all stages of production (Nathues et al., 2017). A viral disease of major concern to the U.S. pig 
industry is Porcine Reproductive and Respiratory Syndrome (PRRS). This disease has been 
estimated to cost the U.S. swine industry $664 million annually (Holtkamp, 2013). Upon infection 
with the PRRS virus, symptoms of PRRS include fever, lethargy, respiratory stress, and ultimately 
decreased growth performance and feed intake (Rossow, 1998; Greiner et al., 2000). Furthermore, 
if the disease is severe enough in viremia and duration, mortality is also reported (Pils et al., 2016). 
Although vaccines against PRRS virus are commonly used with varying efficacy, producers are 
looking for additional management strategies to mitigate PRRS induced morbidities and 
mortalities in growing pigs. Specifically, dietary strategies such as vitamins have been studied to 
lessen the impact of disease hypophagia (McCue et al., 2019). The immune system acts as a 
sensory organ to detect the presence of antigens and communicates this information to the rest of 
the body, resulting in a series of behavioral, cellular, and metabolic changes that influence growth 
and nutrient requirements (Klasing, 1988).	Additionally, proper nutrition is essential for rapid 
recovery from all diseases (Cunha, 1984). Interestingly, the nutritional and energy requirements 
of health challenged pigs are not well known. Therefore, the overall objective of this thesis was to 
determine the extent to which PRRS, and its associated disease hypophagia, effects nursery pig 
growth performance and vitamin and mineral requirements. Further, strategies to mitigate the 
PRRS virus induced febrile response and hypophagia were examined. To address these objectives, 
two research experiments (Chapters 2 and 3) were conducted.	
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A phenotype commonly seen in pigs under immunological stress is a reduced voluntary 
feed intake, otherwise known as disease hypophagia (Pastorelli et al., 2012). Reductions in average 
daily gain (ADG) is typically reported that stems from the disease associated loss of appetite and 
reduced feed intake, febrile response and pneumonia (with associated respiratory problems) 
(Martelli et al., 2009). Specifically in PRRS virus infected pigs, average daily feed intake (ADFI) 
is reduced by to 25-60% compared to healthy non-challenged pigs (Rochell et al., 2015; Schweer 
et al., 2016; Helm et al., 2019). This loss of feed intake is accompanied by significant reductions 
in growth rates (30-50%) compared to healthy naïve pigs (Escobar et al., 2004; Rochell et al., 
2015).  As a result, feed efficiency (G:F) can be reduced by 18% to 60% (Rochell et al., 2015; 
Helm et al., 2019). Recently, it has been demonstrated that a large portion of this reduction in 
growth performance can be attributed to reductions in feed intake (Helm et al., 2020). Further, 
these authors reported limited upregulation of skeletal muscle proteolysis pathways and reductions 
in whole body lean tissue accretion, which were primarily due to reduced activation of protein 
synthesis pathways (Helm et al., 2019). 
 It has been hypothesized that nutrient and amino acid (AA) requirements may be different 
to support an activated immune response (Reeds et al., 1994; Reeds and Jahoor, 2001; Schweer et 
al., 2016). Reduced lean tissue accretion and performance due to a health challenge (Escobar et 
al., 2004; Curry et al., 2017; Schweer et al., 2017) suggests reallocation of resources and nutrient 
use (Rakhshandeh et al., 2010; Rauw, 2012). This metabolic shift and nutrient reallocation is 
critical for efficient and effective immune response and resolution through the support of increased 
proliferation of immune cells and proteins; however, if overzealous and prolonged, it can impede 
skeletal muscle growth (Williams et al., 1997; Schweer et al., 2017). Although much attention has 
been given to AA, vitamins and minerals are sequestered during health challenges (Shurson, 2016). 
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However, the extent to which disease hypophagia augments vitamin and mineral metabolism and 
requirements in the growing pig is not well defined. Therefore, the first thesis research chapter 
herein (Chapter 2), examined PRRS and its associated disease hypophagia on growth performance, 
and how this challenge affects vitamin and mineral concentrations. Further, the effects of disease 
on the febrile response and hair follicle growth were examined. We hypothesized that PRRSV 
would reduce feed intake and overall growth performance, and lead to disruptions in vitamin and 
mineral status. We, also, hypothesized that as part of the PRRS phenotype and in support of the 
immune response, hair follicle growth would differ.  
To address these objectives and hypothesis, 24 pigs (12.8 ± 0.73 kg BW) were assigned 
across three treatments for a 10-d experimental period. The treatments were: 1) PRRS virus 
inoculated (PRRS+), 2) PRRS naïve ad libitum fed (Ad), or 3) PRRS naïve pair fed to daily feed 
intakes of PRRS+ pigs (PF). As expected, over the 10 days post inoculation (dpi) challenge period 
ADG, ADFI and G:F was significantly reduced in the PRRS+ pigs compared to the Ad controls. 
This is in agreement with (Helm et al., 2019) as both ADG and G:F was reduced by 135% in PRRS 
inoculated pigs. To account for disease induced hypophagia, a PF treatment was included to daily 
match nutrient intakes of PRRS+ pigs. By design, the PF and PRRS+ pigs had identical feed intake 
reductions of 54%. Average daily gain was reduced in PRRS+ pigs by 108% and 86% in PF pigs 
leading to a G:F reduction of 127% in PRRS+ pigs and 70% in PF pigs.  
After 10 dpi with PRRS virus, liver mineral and vitamin concentrations were assessed 
(Chapter 2). It is known that during disease, in support of the immune response, nutrients such as 
vitamins and minerals, are sequestered to the liver (Shurson, 2016). Compared to the PRRS virus 
naïve Ad pigs, liver selenium concentrations were significantly lower in the PRRS+ pigs. While 
liver concentrations of manganese and zinc were higher in the PRRS+ compared to the Ad pigs, 
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while vitamin A, cadmium, copper and iron tended to be higher in the PRRS+ pigs. However, 
when compared to the PF (PRRS virus naïve pigs matched for daily feed intakes), PRRS+ pigs 
had lower concentrations of liver copper, iron, zinc, selenium, vitamin A and vitamin E. 
Altogether, these differences may be explained by disease hypophagia induced dietary 
deficiencies. Based on the 2012 Nutrient Requirements of Swine (NRC), daily vitamin and mineral 
intakes for 10-25 kg pigs were compared to the predicted intakes in PRRS+, Ad and PF pigs (Table 
4.1). This table clearly highlights that daily dietary mineral and vitamin requirements were not 
achieved in PRRS+ and PF pigs when compared to the Ad and NRC daily requirements. However, 
due to the short duration of the study (0-10 dpi), no liver tissue deficiencies were observed in the 
concentrations of these minerals and vitamins (Chapter 2). Deficiencies would have been observed 
had the duration of the study been extended and this generally results in inadequate or dysregulated 
cellular activity and cytokine expression, thereby affecting the immune response as reported in 
other species (Raiten et al., 2015; Smith et al., 2018). Vitamin and mineral deficiencies are 
typically not observed until a longer period of time has elapsed, because many of these nutrients 
are stored in the body and mobilized to compensate for dietary intake deficiencies (Shurson, 2016). 
For example, it takes 4–6 months for pigs fed a vitamin-D deficient diet to develop signs of a 
deficiency (NRC, 2012). Certain minerals, such as iron, are also removed from circulation to 
prevent further immunological stress and risk of infection (Weinberg, 1978).  
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Table 4.1. Daily mineral and vitamin intake requirements for 10-25 kg BW pigs. Data adopted 
from Chapter 2 and Nutrient Requirements of Swine (NRC, 2012) 
Item NRC (2012) Ad PF PRRS+ 
Calcium (g/d) 6.34 7.5 3.4 3.1 
Phosphorus (g/d)  5.43 6.5 3.0 2.7 
Sodium (g/d) 2.53 1.6 0.7 0.6 
Chlorine (g/d) 2.90 2.4 1.1 1.0 
Magnesium (g/d) 0.36 2.1 0.9 0.8 
Potassium (g/d) 2.35 9.9 4.5 4.1  
Copper (mg/d) 4.53 16.2 7.4 6.7  
Iodine (mg/d) 0.13 0.30 0.13 0.12 
Iron (mg/d) 90.5 162.0 73.8 67.0 
Manganese (mg/d) 2.72 3.8 1.7 1.6 
Selenium (mg/d) 0.23 0.29 0.13 0.12 
Zinc (mg/d) 72.4 162.0 73.8 67.0 
Vitamin A (IU/d) 1584 2,047 932 841 
Vitamin D (IU/d) 181 234 106  96 
Vitamin E (IU/d) 10.0 16.7  7.6 6.8  
Niacin, available (mg/d) 27.16 18.7  8.5 7.7 
Pantothenic acid (mg/d) 8.15 9.0 4.1 3.7 
Riboflavin (mg/d) 2.72 3.7 1.7 1.5 
Vitamin B12 (μg/d) 13.58 19.7  8.9 8.7 
1n=8 pigs per treatment. Ad = ab libitum fed pigs, PRRS naïve; PF = PRRS naïve, fed daily to 
PRRS pig feed intakes; PRRS+ = PRRS virus challenge with ORF5 1-3-4, ad libitum feed 
intakes. Ad, PF and PRRS+ mineral and vitamin intakes estimated by calculating the predicted 
diet concentrations by ADFI for each treatment to give g/d intake over a dpi test period. 
 
 
 Further, Chapter 2 also characterized behaviors such as fever and hair follicle growth. 
These non-specific behaviors can develop during a health challenge as part of the immune response 
that can enhance the host defense (Bailey et al., 2003). These characteristics are called “sickness 
behaviors” and they include lethargy, anorexia, decreased motor activity, and changes in 
thermoregulation (Sutherland et al., 2007). Elevated body temperatures or febrile responses have 
been recorded in PRRSV challenged pigs (Greiner et al., 2001). Importantly, an increase in body 
temperature for a fever response requires a 10-12.5% increase in metabolic rate for every 1°C rise 
in body temperature (Kluger, 1979). The febrile response could be beneficial in creating an 
inhospitable environment for the pathogen to survive (Mackowiak, 1994). However, if the fever is 
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too intense and long in duration, it can antagonize lean tissue growth in pigs (Kyriazakis and 
Sandberg, 2006). Thus, a febrile response is energetically expensive to maintain for the host and 
this energy has to come from either the diet or tissue reserves. As expected, an increase in body 
temperature was observed on dpi 4 and lasted for the remainder of the study in PRRS+ pigs, while 
the PF treatment had a reduction in body temperature (Chapter 2).  
Another phenotype commonly seen in health challenged pigs is a change in hair or coat to 
look more wiry, rough and thick (Wills et al., 2000; Peng et al., 2013). As hair is comprised of AA 
(Mahan and Shields, 1998), a change in hair growth during disease may have an impact on AA 
availability for lean tissue. To examine this, hair growth and follicle stage was recorded in Chapter 
2 and differences in hair follicle phases between treatments were observed. The hair follicle 
repeatedly transits from a phase of active fiber production (anagen) to a resting phase (telogen), 
through rapid phases of tissue regression (catagen) and regeneration (neogen) (Bernard, 2016). In 
Chapter 2, hair follicles in the PRRS+ treatment were primarily in the telogen or resting phase. 
The hair follicles within the PF treatment were primarily within the anagen or active production 
phase. To the author’s knowledge, there is no research in the effects of a viral challenge such as 
PRRS on hair follicle production although this suggests that there is a need for nutrients for hair 
growth in the immune response.  
To further support the effects of the immune response on host behavior, proinflammatory 
cytokines were also observed in this study. Pathogens that infect a host induce an inflammatory 
response that involves the synthesis and release of metabolically active cytokines such as 
Interleukin (IL)-1β, IL-6, and Tumor necrosis factor α (TNFα). In Chapter 2, the proinflammatory 
cytokines Interferon (IFN)-α and IFN-γ were observed to be significantly higher in the PRRS+ 
treatment compared to the PF and Ad treatments. Interleukin-10 and TFNα were, also, higher in 
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the PRRS+ treatment and the PF treatment had higher IL-2 concentrations. The PRRS challenge 
can explain this elevation in proinflammatory cytokines. The increase in the concentrations of 
proinflammatory cytokines such as TNF-α and IL-1β have been shown to decrease feed 
consumption (Plata-Salaman, 1996), rates of BW gain, and efficiency of feed utilization (Evock-
Clover et al., 1997; Steiger et al., 1999). These cytokines have also been shown to antagonize 
muscle protein synthesis through the mTOR pathway (Orellana et al., 2007).  
 Effective strategies are desired to manage pig survivability and improve performance 
during disease.  In particular, the ability to manage the febrile response and appetite during disease 
is critical for reducing metabolic demands and improve comfort (Gozzoli et al., 2004). Therefore, 
the second research chapter in this thesis (Chapter 3) examined the use of vitamin B12, sodium 
salicylate and isotonic electrolyte solutions in mitigating symptoms such as reduced feed intake 
and fever in PRRSV challenged nursery pigs. We hypothesized that the combination of vitamin 
B12 and sodium salicylate would improve performance by reducing the febrile response and 
increase appetite. Additionally, we hypothesized that an isotonic electrolyte solution would 
enhance nutrient absorption and improve feed intake and weight gain. To this objective and 
hypothesis, 32 pigs (7.7 ±1.5 kg BW) were utilized and assigned across four treatments: 1) Control, 
PRRS naïve (CON), 2) PRRS-challenged (PRRS+), 3) As #2  + vitamin B12 and sodium salicylate 
supplementation (B12), and 4) As #2 + isotonic electrolyte solution (Isotonic). Pig growth, feed 
intake, febrile response and survivability was assessed over a 21-d experimental period.  
Over this 21-dpi period, growth performance and feed intake was significantly attenuated 
due to the PRRS virus challenge (CON vs. PRRS+; Chapter 3). Feed intake started to decline 
within 2 dpi of the challenge and never recovered throughout the duration of the study. To amend 
hypophagia and growth in pigs, the industry routinely uses electrolyte solutions (Dewey et al., 
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2008), vitamin B12 treatments (Bardal, 2011) or sodium salicylate (Amann and Peskar, 2002) in 
various stages of production. Herein, the B12 and Isotonic treatments did not rescue appetite or 
growth rates during this 10 dpi PRRS virus challenge when compared to the PRRS+ pigs.  
There were no differences when comparing the PRRS+, B12 and Isotonic treatments to 
one another for ADG, ADFI or G:F over the duration of the study. In addition to no changes in 
growth performance, there were also no effect of treatment on the febrile response. As a 
consequence of fever, survival rates can be decreased and there can be enhanced tissue damage at 
high body temperatures (Harden et al., 2015). Interestingly, there were differences in survival 
probability among treatments. For comparison, the control treatment had 100% survivability, the 
B12 treatment had 75% survivability, the Isotonic treatments had 50% survivability and the 
PRRS+ only treatment had just 25% survivability. Similar to previous research (Smith et al., 2020), 
dietary supplementation improved survivability among PRRS challenged pigs, suggesting an 
advantage to intervention strategies whether they improve growth or not. This could be explained 
by the age of pig as well as the virulence of PRRSV strain utilized (Murtaugh and Foss, 2002).  
Effective strategies to improve pig performance and survivability during a PRRS virus 
challenge vary and have yet to be routinely established. Additionally, our knowledge of the PRRS 
phenotype and mitigating symptoms remains unclear. A disease challenge is often accompanied 
by reductions in both feed intake and lean tissue accretion. It is accepted that reductions in lean 
tissue accretion result from both indirect effects of reduced nutrient intake and direct effects of 
nutrient (Helm et al., 2019; Helm et al., 2020) and energy reallocation toward the immune response 
(Scrimshaw, 1977; Reeds et al., 1994). However, individual contributions of these indirect and 
direct effects during a pathogen challenge towards the total reduction in lean tissue accretion 
observed remain poorly defined (Schweer et al., 2018).  
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Based on this thesis, a few future studies can be envisioned to meet the overall goal of 
improving performance, wellbeing and survivability of PRRS virus challenged pigs. A larger study 
similar to that reported in Chapter 3 is needed to validate the effects of vitamin B12, sodium 
salicylate, and an isotonic electrolyte supplement on improving pig’s survivability in the face of 
PRRS. This type of study needs to be conducted on a commercial scale in a 1,200-2,400 head barn 
with 20+ pens per treatment in order to pick up mortality or survivability differences. Furthermore, 
based on data in Chapter 2, future research could be extended to understanding amino acid 
partitioning in health challenged pigs. Schweer et al., (2018) did not report major changes in ileal 
endogenous AA losses in PRRSV.  However, reduced tissue accretion rates (Schweer et al., 2018; 
Helm et al., 2019) may suggest an alteration in nutrient utilization and resource allocation. Amino 
acids are partitioned into hair follicles, and we have reported (Chapter 2), that during a PRRS 
challenge, hair follicles are predominantly within the telogen or inactive/resting phase suggesting 
a change in hair production during disease. Therefore, a future study could examine the extent to 
which hair amino acid composition changes with disease as repartitioning of amino acids to the 
immune response and hair growth could explain some of these losses. 
Future research could also include testing NSAIDs in order to establish better mitigation 
strategies. Non-steroidal anti-inflammatory drugs are commonly used to reduce fever and treat 
inflammatory related diseases (Amann and Peskar, 2002). Studies with different titration levels of 
various NSAID types could be conducted to test the ability of these drugs to reduce fever and 
improve performance in the face of PRRS. Further, studies inoculating with different viral titers 
along with a different combination of NSAIDs, that measure daily core body temperature could be 
researched to see if NSAIDs are effective.  
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It is well evident that disease hypophagia is associated with PRRS, however it is unclear 
what causes this reduction in feed intake as it can either be systemic or stem from the 
hypothalamus. Disease induces peripheral and blood changes in nutrients, proinflammatory 
cytokines, and neuropeptides. These can cross the blood brain barrier or signal indirectly in the 
hypothalamus. Arcuate (ARC) and paraventricular (PVN) nuclei regulate orexigenic and 
anorexigenic signaling. Cytokines, nutrients, and neuropeptides signal anorexigenic nuclei 
resulting in hypophagia or anorexia, leading to reduced growth in pigs. Peripheral neuropeptides 
can be differentially regulated by meal frequency and appetite (Inoue et al., 1999). Satiety signals 
derived from the intestine and associated organs include cholecystokinin (CCK), glucagon-like 
peptide-1 (GLP-1) and peptide tyrosin-tyrosin (PYY). Conversely, ghrelin, or growth hormone 
(GH)-releasing peptide, is the only known circulating orexigen, or appetite stimulant (Cummings 
et al., 2001). Further, it was shown in this research, PRRS pigs had a significant increase in plasma 
proinflammatory cytokines. These cytokines can cross the blood brain barrier and have been 
shown to influence appetite (McCusker et al., 2013). Knowing this information, a PRRS challenge 
study lasting 10 days similar to Chapter 2 can be conducted and samples of the hypothalamus can 
be collected. The abundance of inflammatory and appetite markers from the hypothalamus can be 
analyzed using immunohistochemistry to validate whether hypophagia is inflammation derived. 
Further, to gain a better understanding of appetite regulation during hypophagia and determine the 
expression or presence of orexigenic or anorexigenic neurons at the hypothalamus, visualizations 
of mRNA transcripts can be performed.  
The data reported in this thesis (Chapters 2 and 3) can provide a better understanding of 
what is occurring metabolically during a PRRS challenge and give insight in to how to better meet 
their nutritional requirement. These findings could eventually reveal how to better treat and feed 
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animals that are health compromised. Therefore, effective strategies that improve symptom 
severity and growth performance can be implemented. Furthermore, increasing dietary 
requirements could be beneficial during disease to improve resolution and recovery.  
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